1/2 


■  AD-A127  340 


UNCLASSIFIED 


fl  STUDS'  OF  LOU  LEVEL  LASER  RETINAL  DAHAGE(U)  JOHNS 
HOPKINS  UNIV  LAUREL  ND  APPLIED  PHVSICS  LAB 
B  F  HOCHHEINER  15  NAR  83  N00024-83-C-5301 

F/G  28/5 


NL 


OTIC  FILE  COPY  AD  A1 2 7  340 


ANNUAL 


PROGRESS  REPORT 
for 


U.S.  ARMY  MEDICAL  RESEARCH  AND  DEVELOPMENT  COMMAND 
Fort  Detrick,  Frederick,  Maryland  21701 


from 


RC-RCS-030 

The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Johns  Hopkins  Road 
Laurel,  Maryland  20707 


on 

A  STUDY  OF  LOW  LEVEL  LASER  RETINAL  DAMAGE 


Approved  for  public  release;  distribution  unlimited 


3.  F.  Hochhelmer 
March  15,  IS 8 3 


The  findings  in  this  report  are  net  to  he 
construed  as  an  official  i'a?srrr.ent  cf  the 
Army  position  unless  30  obsignated  by  other 
authoriicec.  dr. currents. 


r~ 


APR  2  7 1983 


Slt  A 


||  04  9.F 


«•->-> 


ANNUAL 


PROGRESS  REPORT 
for 


U.S.  ARMY  MEDICAL  RESEARCH  AND  DEVELOPMENT  COMMAND 
Fort  De trick,  Frederick,  Maryland  21701 


from 


RC-RCS-030 

The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Johns  Hopkins  Road 
Laurel,  Maryland  20707 


on 

A  STUDY  OF  LOW  LEVEL  LASER  RETINAL  DAMAGE 


Approved  for  public  release;  distribution  unlimited 

B.  F.  Hochheimer 
March  15,  1983 

The  findings  In  this  report  are  not  to  be 
construed  as  an  official  Department  of  the 
Army  position  unless  so  designated  by  other 
authorized  documents. 


SECURITY  CLASSIFICATION  of  THIS  FACE  (W«I  Data  Bn  fared) 


REPORT  DOCUMENTATION  PAGE 


TTreport  number 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


RC 


4.  TITLE  (in d  Subtitle) 


A  Study  of  Low  Level  Laser  Retinal  Damage 


S.  TYFE  OF  REPORT  4  PERIOO  COVERED 

Annual  Progress  Report 
5/1/81-12/31/82 


PERFORMING  ORG.  REPORT  NUMBER 


7.  AUTHORfa) 

Bernard  F.  Hochhelmer 

B.  CONTRACT  OR  GRANT  NUMBERS 

N00024-83-C-5301 

9.  PERFORMING  ORGANIZATION  NAME  ANO  ADDRESS 

The  Johns  Hopkins  University 

Applied  Physics  Laboratory 

Johns  Hopkins  Road,  Laurel,  Maryland  20707 

10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  4  WORK  UNIT  NUMBERS 

<1.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

U.S.  Army  Medical  Research  &  Development  Conmmid 

IZ.  REPORT  OATE 

March  15,  1983 

Fort  Detrlck,  Maryland 

IS.  NUMBER  OF  PAGES 

134 

•  4.  MONITORING  AGENCY  NAME  4  AOORESSfif  dinar  ant  tram  Controlling  Olllca) 

Non-Ionizing  Radiation  Division 

Letterman  Army  Institute  of  Research 

Presldo  of  San  Francisco,  California  94129 

IS.  SECURITY  CLASS,  (at  IMa  report) 

Unclassified 

ISa.  DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 

IB.  DISTRIBUTION  STATEMENT  (at  Mo  Report) 

Approved  for  public  release,  distribution  unlimited. 

17.  DISTRIBUTION  STATEMENT  (a!  Ota  abatract  entered  In  Black  30,  11  dltlorant  tram  Report) 

IB.  SUPPLEMENTARY  NOTES 


19.  KEY  WOROS  (Conttnum  on  rarer  aa  aid a  II  nacaeaary  and  Identity  by  block  number) 


Laser  Retinal  Damage 


n^niviACr  (Coatbauo  «•  raearaa  at  mm  n  naaaaoaey  mm  laamiry  ay  oioca  numoorj 

J^The  general  objective  of  this  program  Is  to  document  changes  In  the  retina 
due  to  very  low  laser  Irradiation.  We  have  two  primary  alms.  One  is  to  develop 
and  improve  methods  that  can  be  used.  In  vivo,  to  objectively  determine  changes 
that  occur  in  the  retina  from  laser  irradiation.  The  second  is  to  determine 
the  mechanisms  that  cause  these  retinal  changes. 

During  this  past  year  we  havav 


i  «i  reveree  »  ft  neceeeety  < 


I  htmniitr  hr  block  number) 


r  cm 

m  am  r% 


romow  or  t  *ov  ss  is  obsolete  . 


SECURITY  CUASSlPlCATfOW  or  -*•$  **G£  Om  5r;»r»rf)  ^4 


Unclassified 


Modified  our  equipment  to  do  small  retinal  area  reflectivity 
measurements/ 


‘’Measured  the  internal  light  scatter  in  the  eye  for  wavelengths 
from  450  to  850  mm,\ 


3)  Our  fluoresene€measurements  project  has  proceeded  to  the  point 

where  we  can^easureomany  fluoresence  parameters  after  a  single 
injection  of  fluorescence!  .4..' 

— - - - -  -- 1  1 

4)  (^Accurate  measurements of  spectral  reflectivities  -of  small  areas 
^f-^laser  damaged  monkey  retlnd^have  been  proven  to  be  feasible^ 


VX  photographic  technique  to  improve  the  resolution  and  contrast 
W,  "  of  fluorescence  angiograms',  hft  been  inn"1!iiissil .  .  Q  , 

Sft  ^feveral  dyes  arS>ir<a8— uidi|>Tt~  for  use  as  dyed  tear  films  for 
Retinal  protection  from  laser  radiation. 


SICuAITY  CLASSIFICATION  Of  -wi$  P4CE^*n 


FOREWORD 


In  conducting  the  research  described  in  this 
report,  the  Investigator (s)  adhered  to  the 
"Guide  for  Laboratory  Animal  Facilities  and 
Care",  as  promulgated  by  the  Committee  on 
the  Guide  for  Laboratory  Animal,  Resources, 
National  Academy  of  Sciences-National  Research 
Council. 


DISTRIBUTION: 


Coma  rider 

U.  S.  Army  Medical  Research  and  Development  Command 
ATTN:  S6RD-RMS 

Fort  Detrick,  Frederick,  Maryland  21701 
4  copies 


Defense  Documentation  Center  (DDC) 

ATTN:  DOC-TCA 

Cameron  Station 

Alexandria,  VA  22314 

12  copies 


Superl ntendent 

Academy  of  Health  Sciences,  U.  S.  Army 
Fort  Sam  Houston,  TX  78234 
1  copy 


Dean,  School  of  Medicine 

Uniformed  Services  University  of  Health  Sciences 
Office  of  the  Secretary  of  Defense 
4301  Jones  Bridge  Road 
Bethesda ,  MD  20014 
1  copy 


Commander 

Letterman  Army  Institute  of  Research 
ATTN:  SGRD-ULZ-RCM/Dr .  Neville 
Presldo  of  San  Francisco,  CA  94129 
5  copies 


TABLE  OF  CONTENTS 


Title 

Light  Scatter  in  the  Eye  . 

Fluorescence  Measurements  ....  . 

Retinal  Reflectivity  ....  . 

Hematoporphyrin  Dye  Studies  . 

Dyed  Tear  Films  for  Laser  Eye  Protection  .  . 
Improved  Resolution  Fluorescein  Angiography. 


LIGHT  SCATTER  IN  THE  EYE 


INTRODUCTION 

Light  scatter  In  the  eye  is  important  in  the  project  for  two  reasons. 
First  we  are  using  the  measured  reflectivity  of  the  retina  to  infer  the  progression 
of  light  Induced  damage,  the  onset  of  retinal  changes,  and  the  damaged  layers  in 
the  retina.  In  any  measurement  of  retinal  reflectivity,  the  quantity  measured 
is  energy  reflected  into  the  measuring  system  plus  any  energy  that  is  scattered 
that  reaches  the  measuring  system.  For  accurate  determination  of  retinal  re¬ 
flectivity  the  scattered  components  must  either  be  reduced  to  an  amount  below 
our  measurement  accuracy  or  else  be  compensated  for  in  post  measurement  calcu¬ 
lations. 

The  second  reason  that  scattered  light  is  Important  is  that  it  Itself 
may  be  damaging  to  the  eye  when  a  laser  beam  is  focused  on  the  retina.  When  a 
high  power  laser  beam  impinges  on  the  retina  it  may  not  only  damage  the  area  it 
hits,  but  it  may  damage  a  much  larger  area  or  possibly  the  whole  retina. 

For  these  reasons,  we  measured  the  scattered  light  in  the  eye  and 
compared  the  scattering  for  coherent  and  Incoherent  light. 

BACKGROUND 

12  3  4 

Boynton  et  al  *  *  *  in  a  study  of  glare  in  the  eye,  measured  the 
scattered  light  in  several  animal  species,  mostly  steer  eyes  but  also  cat  and 
human  eyes.  The  eyes  studied  were  all  enucleated  eyes  and  corrections  were 
made  for  post-mortem  changes.  Their  results  indicated  that  the  amount  of 
scattered  light  in  the  eye  is  proportional  to  the  illuminated  area  and  not  the 
shape  of  that  area.  They  also  found  that  the  amount  scattered  did  not  vary 
greatly  with  wavelength  from  500  to  600nm  nor  did  it  depend  on  pupil  size. 


Their  measurements  showed  that  much  of  the  incoming  light  is  scattered,  70%  of 
this  from  the  cornea,  20%  from  the  lens  and  10%  from  the  vitreous.  They  did 
not  find  any  scattered  component  coming  from  the  retina. 

Vos  et  al  also  in  a  study  of  glare  sources  in  the  eye  concluded 

that  the  cornea  contributes  30%  of  all  scattered  light  and  that  the  retina  con- 

g 

tributes  an  equivalent  amount.  Miller  and  Benedek  estimate  that  25%  of  the  total 
light  scatter  in  the  eye  is  from  the  cornea,  50%  from  the  lens  and  25%  from  the 
retina.  They  also  quote  LeGrand's  data  indicating  that  10%  of  all  Incoming 
light  is  scattered  over  the  whole  retina,  this  may  be  an  Incorrect  quotation. 

De  Mott***  and  Campbell  et  al**'*2’*^  measure  the  optical  properties  of 

the  eye  as  it  presents  an  image  on  the  retinal  surface.  De  Mott*°  quotes 
14 

Hartrldge  whose  theoretical  study  of  the  optical  property  of  the  eye  Indicates 

that  at  the  retinal  image  of  a  sharp  edge  the  light  levels  should  fall  by 
two  log  units  in  two  minutes  of  arc.  De  Mott,  using  images  of  wires  or  edges 
surrounded  or  bounded  by  a  uniform  light  source,  does  not  find  this  rapid  fall 

in  intensity;  he  used  very  large  retinal  illuminated  areas  and  consequently  had 

11  12  13 

high  internal  light  scatter  in  the  eye.  Campbell  et  al  '  ’  used  very  narrow 

line  sources  of  light  (filament  Images)  which  are  the  Inverse  of  De  Mott's  wires. 
He  found  that  the  retinal  reflection  showed  a  fall  in  light  to  1%  of  the  peak 
value  at  6  1/2  minutes  of  arc  away  from  the  filament  retinal  image  in  one  test 
and  16  minutes  in  another.  He  also  showed  that  the  fundus  is  a  diffuse  reflec¬ 
tor  which  retains  80%  of  the  polarizability,  similar  to  an  aluminized  projection 
screen.  Campbell's  measurements  of  retinal  spectral  reflectivity  indicates  no 
evidence  of  any  maximum  or  minimum  from  the  reflection  spectrum  of  hemoglobin 
except  in  albinc  rabbits.  (This  conclusion  was  also  reached  by  Kornup*^) . 
Krauahopf also  used  the  data  obtained  from  reflected  line  Images  on  the  retina 
to  infer  the  eye's  optical  quality.  He  states  that  the  scattered  light  falls 
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one  log  unit  for  every  4  1/2  minutes  of  arc  and  the  drop  in  Intensity  is  linear 
on  a  log  plot. 

17  18 

Geeraets  et  al  *  have  measured  the  spectral  reflectivity  of  the 

retina  as  well  as  absorption  and  scattering  in  human,  monkey  and  rabbit  enu- 

19  20 

cleated  eyes.  Hochhelmer  and  Flower  et  al  used  a  fundus  photographic  tech¬ 
nique  to  measure  spectral  reflectivity.  Their  results  are  open  to  question  be- 

21 

cause,  as  found  by  Flower  ,  any  area  of  the  retina  has  50%  internal  light 

scattered  on  it  compared  with  the  directly  Illuminated  energy  when  the  area 

12 

measured  is  illuminated  by  a  30®  cone  of  light.  Alpern  and  Campbell  also 

measured  the  spectral  reflectivity  of  the  retina  using  the  same  techniques  as 

22 

did  Brindley  and  Wlllmer  .  All  these  methods  give  different  results  because 

the  same  area  of  the  retina  was  not  measured,  different  illumination  area  sizes 

20 

were  used  and  because  of  the  variability  of  individual  species. 

23 

Boettner  and  tfolter  have  measured  the  total  transmission.  Including 
scattered  light, and  the  direct,  non-scattered  transmission  of  the  retina  and 
choroid.  They  used  enucleated  eyes  separated  into  its  various  components. 

OA.  00% 

Fuek4  *  *  has  made  a  detailed  study  of  the  transmission  and  scattering 

of  the  rabbit  cornea  <flia  data  shows  an  Inverse  wavelength  to  the  5th.  power 
dependence,  that  is,  the  corneal  scattering  is  greater  in  the  blue  than  in  the 
red  by  a  factor  of  lOx.  The  angular  dependence  of  forward  scatter  is  also  re¬ 
ported  but  only  from  40  to  90*  off  the  axis. 

Boynton  and  Vos  are  measuring  the  properties  of  glare  light  in  the  eye 
and  De  Mott,  Campbell  and  Krauskopf  are  concerned  with  the  image  forming  optical 
properties  of  the  eye.  Geeraets,  Hochhelmer,  Flower,  Brindley  and  Wilmer, 
and  Alpern  and  Campbell  have  all  measured  the  spectral  reflectivity  of  the  eye 
and  report  widely  varying  spectral  cu*  es .  Geer  tts  and  Boettner  have  data  on 
the  absorption  and  reflectivity  of  the  -  .  ina.  Fuck  (and  many  others  including 
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Benedek,  Maurice  and  Farrell  )have  reported  on  the  corneal  transmission 

and  light  scatter.  Even  with  all  of  this  data  available,  it  is  difficult  to 
arrive  at  a  thorough  understanding  of  the  light  scattering  properties  of  the  eye. 
Most  of  the  retinal  light  scatter  measurements  were  done  with  "white"  light 
and  often  in  enucleated  eyes.  From  any  of  the  spectral  data  of  Fuek,  Geeraets, 
or  Flower  it  is  obvious  that  wavelength  variations  must  be  important.  Boynton, 
Enoch  and  Bush*and  others  show  wide  variations  between  animal  and  human  eyes. 
Measurements  are  often  taken  with  variable,  and  sometimes  not  reported,  areas 
of  the  retina  illuminated.  Nowhere  is  there  reported  any  effect  due  to  scatter 
of  light  inside  the  retinal,  choroidal  or  scleral  tissue. 

Since  almost  all  of  the  reports  on  light  scatter  in  the  eye  were  pub¬ 
lished  prior  to  the  discovery  of  the  laser,  no  properties  of  the  scatter  of  co¬ 
herent  radiation  are  even  considered. 

REQUIREMENTS 

We  wish  to  know  the  amount  of  light  scattered  in  the  eye  especially 
for  small  angles  and  for  coherent  light.  The  scattering  source  in  the  eye  may 
be  the  cornea,  aqueous,  lens,  vitreous  or  the  retina.  In  order  to  predict  the 
amount  and  distribution  of  scattered  light  from  any  arbitrary  source,  it  is 
necessary  that  the  total  scattering  process  is  understood.  This  Includes  cer¬ 
tain  properties  of  the  eye;  how  these  vary  with  wavelength  and  how  they  Interact 
with  light.  The  transmission,  absorption,  reflection  and  scatter  are  all  im¬ 
portant.  Since  we  are  concerned  with  in-vivo  situations,  all  experiments 
should  be  done  in  live  animals  to  avoid  changes  that  may  occur  in  enucleated  eyes. 

In  the  experiments  of  Krauskopf**’  and  De  Mott*^  and  Campbell**  a  small 
source  is  imaged  on  the  retina  and  the  retinal  reflected  and  scattered  light  is 
measured.  "White"  light  was  used.  Our  experiments  will  be  similar  to  these  in 
that  a  small  area  of  the  retina  is  illuminated  with  -nor.ochrcnatic  light  and  the 


retinal  reflected  energy  measured.  For  these  measurements,  it  is  important  that 
back  scattered  light  from  the  cornea,  lens,  aqueous  and  vitreous  be  eliminated 

and  that  back-scattered  light  in  the  optical  system  that  is  used  is  extremely 

low.  It  is  also  necessary  that  the  retina  be  illuminated  with  a  well-defined 
spot  of  light  and  the  electronic  recording  equipment  have  very  wide  dynamic 
range.  The  elimination  of  back-scatter,  wide  dynamic  range  recording  and  the 
use  of  monochromatic  light  was  not  done  in  the  above  mentioned  experiments. 

METHODS 

a 

We  use  a  modified  Zeiss  fundus  camera  to  illuminate  the  retina  and 
collect  the  return  reflected  energy.  The  light  to  illuminate  the  retina  (See 
Fig.  1)  is  from  a  fiber  optic  light  source.  The  end  of  the  fiber  is  imaged  at 
a  reduced  size  in  a  plane  conjugate  to  the  retina.  It  is  relayed  by  several 
lenses  and  mirrors  to  the  cornea.  There  is  a  stop,  conjugate  to  the  cornea, 

which  limits  the  light  at  the  cornea  to  a  ring  7mm  OD  and  3  1/2  mm  ID.  All 

of  the  original  lenses  in  the  Zeiss  camera  illumination  syotem  have  been  re¬ 
placed  with  high  quality  photographic  objectives  so  that  the  image  of  the  fiber 
optics  on  the  retina  has  negligible  residual  spherical  and  chromatic  aber¬ 
rations  . 

The  reflected  light  from  the  retina  is  collected  through  an  aperture 

whose  image  at  the  cornea  is  1.5  mm  in  diameter.  The  input  and  return  beams 

are  thus  separated  at  the  cornea  and  also  in  the  aqueous  and  at  the  lens.  They 

are  separated  in  the  vitreous  until  they  are  within  1mm  of  the  retina.  Since 

the  total  vitreous  contributes  only  a  small  measurable  component  of  scattered 
2 

light  ,  this  small  region  of  interaction  does  not  seem  to  be  of  any  consequence. 

There  is  only  one  lens  common  to  both  the  input  and  reflected  light 
paths.  The  incoming  light  reflected  from  the  surface  of  this  lens  nearest  the 
eye  is  imaged  at  a  small  internal  black  dot  in  this  lens.  The  light  reflected 


from  the  rear  surface  of  the  lens  images  a  central  stop  in  the  incoming  light 
at  the  hole  in  the  mirror  that  introduces  the  incoming  light.  Thus  this  lens 
does  not  contribute  to  optical  system  scattered  light.  We  also  have  introduced 
a  stop  conjugate  to  the  dot  in  the  Incoming  light  path  so  that  it  is  not 
illuminated  from  the  rear  and  we  have  a  stop  in  the  reflected  light  path  to 
remove  any  residual  effect  of  this  dot. 

The  image  of  the  fiber  optic  on  the  retina  is  approximately  75  microns 
in  diameter  and  the  quality  of  the  edges  is  limited  by  aberrations  and  dif¬ 
fraction  of  the  eye. 

The  energy  reflected  from  the  retina  is  collected  by  the  first  lens 
of  the  Zeiss  camera  and  is  limited  by  a  stop  just  back  of  the  perforated  mirror. 
It  is  reimaged  by  a  high  quality  enlarging  lens  to  an  aperture  at  the  rear  of 
the  camera.  At  this  aperture  the  retina  is  enlarged  approximately  lOx.  The 
light  going  through  the  aperture  can  be  viewed  with  a  low  power  microscope;  the 
aperture  size  is  set  so  that  it  just  encompasses  the  illuminated  retinal  area. 
The  light  from  the  aperture  is  relayed  by  an  optical  system  through  a  rotating 
Interference  monochrometer  to  an  S-20  response  photomultiplier  tube.  The 
monochrometer  has  a  spectral  resolution  of  17  nm  from  400  to  700  nm  and  35  nm 
from  700  to  1200  nm.  The  aperture  relay  lens  system  images  the  retinal  relay 
enlarging  lens  on  to  the  photomultiplier  tube.  This  ensures  that  a  constant 
area  of  the  PWT  tube  face  is  used. 

The  last  aperture,  its  relay  lens  system,  the  rotating  interference 
monochrometer, and  the  photomultiplier  tube  and  housing  are  all  mounted  on  an 
::-Y  positioning  stage.  The  Y  axis  is  changed  with  a  high  quality  lab- jack 
table  and  the  X  axis  with  a  lathe  cross-slide.  Thus  the  aperture  can  be  moved 
anywhere  over  a  4  mm  diameter  area  referred  to  the  retina. 


The  POT  is  powered  with  a  regulated  supply  of  0  to  2000  volts  and 
can  be  cooled  thermoelectrically.  The  signal  output  Is  amplified  with  a 
Princeton  Applied  Research  Model  113  low  level  preamplifier.  The  preamplifier 
has  high  accuracy, variable  stepped, gain  settings  from  10  to  10,000.  The  pre¬ 
amplifier  output  is  recorded  on  a  strip  chart  recorder. 

The  optical-mechanical-electrical  system  meets  all  of  our  requirements 
for  illuminating  the  retina  and  collecting  and  measuring  the  reflected  light 
from  the  retina.  It  has  no  measurable  back-scattered  light  and  back-scattered 
light  from  the  eye  is  negligible.  A  sharp  image  is  formed  on  the  retina,  any 
wavelength  from  400  to  850  nm  can  be  selected, and  a  dynamic  range  of  over 
100,000  can  be  accomodated. 

Measurements 
1)  Pre-Test 

Although  retinal  distances  and  areas  are  given  in  this  report,  these 
are  only  approximately  correct.  We  have  measured  only  angular  quantities,  i.e., 
the  angle  subtended  at  the  pupil  of  the  eye.  Retinal  distances  are  computed 
assuming  a  15  mm  focal  length  monkey  eye  and  correcting  for  the  index  of  re¬ 
fraction  of  the  vitreous,  this  was  assumed  to  be  1.33.  Angular  calibration 
was  done  by  placing  a  50  cm  focal  length  lens  at  the  position  normally  occupied 
by  the  cornea  and  a  millimeter  scale  at  the  lens  focal  plane.  The  low  power 
microscope,  used  to  view  the  retinal  image  plane, was  focused  on  the  scale  and 
aperture  diameter  and  cross  slide  distances  were  calibrated  against  the  milli¬ 
meter  scale. 

An  artificial  eye  with  a  grey  "retina"  was  illuminated  with  a  small 
spot  of  light  approximately  1°  in  diameter.  The  rear  aperture  was  centered  on 
this  spot  and  closed  until  it  was  the  same  size  as  the  spot  image.  The  aperture 
was  then  scanned  across  the  "retina"  and  intensity  readings  taken  at  discrete 
intervals.  A  plot  of  this  data  is  shown  in  Fig.  2.  There  are  two  things  to 


note  about  this  data,  one,  the  ratio  of  the  maximum  to  the  minimum  is  over  1600, 
and  two, that  the  convolution  curve  approximately  fits  the  data  at  the  top  of  the 
curve.  The  convolution  curve  is  the  convolution  of  two  circles,  it  is  the  curve 
that  would  be  expected  if  no  scatter  occurs.  These  two  items  will  be  compared 
with  similar  data  on  real  eyes.  This  artificial  eye  was  a  cylinder  6  cm  in 
diameter  and  5  cm  in  length.  It  was  painted  black  on  the  inside.  The  lens  was 
new,  with  no  scratches,  and  was  clean. 

This  same  lens  was  used  with  a  grey  paper  at  the  focus  and  no  artificial 
eye  enclosure,  the  maximum  to  minimum  ratio  increased  by  over  an  order  of  magni¬ 
tude. 

The  fiber  optics  "retinal"  image  was  imaged  in  air  using  the  same 
5  cm  focal  length  lens.  Using  a  very  small  fiber  optics  tip  and  a  radiometer 
the  energy  in  the  image  was  compared  to  the  energy  just  outside  the  image,  this 
ratio  was  over  10^  to  1. 

These  tests  show  that  our  source  image  is  sharp;  it  does  not  show 

spread  at  the  edges.  They  also  show  that  under  suitable  condition  a  minimum 
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value  of  less  than  10  of  the  maximum  can  be  measured  with  our  optical  system. 

2)  Animal  preparation 

All  of  our  tests  were  made  using  young  cynomolgus  monkeys.  No  previous 
experiments  had  been  done  with  these  animals  and  their  eyes  were  very  clear. 

The  monkeys  were  sedated  with  Ketamine  so  that  they  could  be  handled.  They 
were  anesthetized  with  Halothane  and  positioned  in  front  of  the  camera  in  a 
stereotaxic  holder.  The  eyelids  were  held  open  with  a  child's  lid  retractor 
and  a  contact  lens  placed  on  the  cornea.  The  contact  lens  prevents  corneal 


White  light  was  used  to  illuminate  the  retina  for  focusing.  The 
forward  and  backward  position  of  the  animal  was  carefully  done  to  eliminate 
reflected  light  from  the  cornea.  The  image  of  the  fiber  optics  cable  was 
focused  on  the  retina  and  the  white  light  turned  off.  The  rear  aperture  was 
positioned  over  the  retinal  fiber  optics  illuminated  area  and  closed  so  that 
it  just  encompassed  this  area. 

3)  Animal  Tests 

The  rotating  interference  filter  monochrometer  (calibrated  with  a  low 
pressure  mercury  arc  and  narrow  bandwidth  Interference  filters)  was  set  for 
the  desired  wavelength  and  the  photomultiplier  voltage  set  to  give  near  100Z 
strip  chart  reading  with  the  preamplifier  set  to  a  gain  of  ten.  The  PMT  voltages 
used  were  between  8 00  and  1200  volts. 

The  lathe  cross  slide ,  which  holds  the  aperture,  relay  lens,  monochro¬ 
meter  and  PMT,  was  moved  in  1/100  inch  steps  across  the  retinal  image.  Measure¬ 
ments  were  made  at  every  50mm  from  500  to  800mm.  All  focusing  was  done  using 
visible  light,  no  corrections  were  made  for  chromatic  abberatlons.  One  set  of 
the  strip  chart  measurements  are  shown  in  Fig.  3.  Fig.  4  shows  the  resultant 
data  curves  for  500,  550,  600  and  650  nm.  The  data  has  not  been  normalized. 

Fig.  5  shows  the  same  thing  for  700,  750. and  800  nm. 

4)  Laser  Tests 

Similar  tests  were  also  done  with  the  monochrometer  center  frequency 
set  at  633  nm  with  white  light  illumination  of  the  retina.  The  end  of  the  fiber 
was  then  illuminated  with  a  632.8  nm  HeNe  laser  and  the  test  repeated.  The 
laser  was  then  positioned  so  that  the  microscope  objective  formed  a  focused 
laser  spot  instead  of  an  image  of  the  fiber  optics.  Without  changing  the 
retinal  image  aperture  size ,  readings  were  again  taken  of  intensity  versus  aper¬ 
ture  position.  This  data  is  shown  in  Fig.  6. 
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Theoretlcal  node!  for  light  reflected  In  the  eye 
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The  following  derivation  Is  similar  to  that  used  by  Gouffe  to  predict 
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the  blackbody  characteristics  of  hollow  cones  and  cylinder  and  Hochheimer 
to  predict  the  light  emitted  from  jet  aircraft  engines. 

Consider  light  Incident  on  an  area  A  of  the  retina;  this  area  has  a 
reflectivity  R^.  The  irradlance  is  WA<  Reflected  from  A  is  power  PA» 

PA  "  WA  A  RA 

Some  of  this  energy  leaves  through  the  pupil  of  the  eye,  this  is  given  by 

W.AR.  £2.  cos  0, /it 

AAA  A 

where  is  the  solid  single  subtended  by  the  pupil  at  A  and  0^  is  the  angle 
between  the  normal  to  A  and  a  line  from  the  center  of  A  through  the  center  of 
the  pupil. 

n.  -  7rr2/D2 
A 

■  nA  cos  SA  h 


where  r  is  the  pupil  radius  and  D  the  diameter  of  the  eye.  The  amount  remaining 
in  the  eye  is 

waaea  (1-V 

this  amount  is  distributed  uniformly  over  the  Inside  of  the  such  that 


A  R. 


(i-ka)/s 


(1) 


Where  S  is  the  area  of  the  inside  of  the  eye  and  W  .  is  the  reflected  power 

af  x 

per  unit  area  a  anywhere  in  the  eye.  If  s  is  the  pupil  area  and  Y  the  area 
weighted  reflectivity  of  the  inside  of  the  eye  such  that 

Y  -  (ARa  +  BRb  +  CRc  + - )/  (S-s) 

W. A  R.  (l-K.)Y  is  reflected,  s/S  times  this  value  leaves  the  eye  and  (1-s/S) 
A  A  A 


renalna.  This  amount  ±s  2  "  \  Y  (1-s/S) /S 


and  it  Is  distributed  over  the  inside  of  the  eye.  Some  of  this  is  reflected 
and  some  leaves  the  eye.  The  amount  remaining  is 


Wa  3  "  WA  A  RA  <«a>  y2  <1“s/S)2/S 


If  we  collect  the  terms  (1),  (2),  (3).....  we  get 

WA  A  RA  (1"V  [1  +  Y  (1-s/S)  +  Y2  (1-s/S)2  + . ] 


The  bracketed  section  converges  to  1/ (1-Y (1-s/S)) .  This  implies  that  the 
power  per  unit  area  at  any  area  a  inside  the  eye  due  to  Internally  reflected 
light  is  given  by 


Wa  -  WA  A  RA  (1'V 
S  [1-Y  (1-s/S)] 

while  the  power  per  unit  area  at  A  is 

..  _  ,  W  A  .  W  A  R.  (1-K.) 

W  Total  -  A  +  A  A  A 

A  A  S  (1-Y  (1-s/S)] 


.  1  +  A  ra  (1'ka>  -  Wa  1  +  AR.  (1-K. 

■  W.  - -  A  A _ A 


S  [1-Y  (1-s/S)] 


S  1-Y (1-s/S) 


The  ratio  of  WA  Total  to 


A  Total  -  1  + 


A  [R.  (1-K. ) 3 
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Now  consider  some  typical  values  for  a  monkey  eye 


S  «  1TD 


d  ■  1.5  cm  ■  15 


s  ■  irr 


r  “  3.5  mm 


8/S  =  1  or  (1-s/S)  =  1 
20 


fiA  -0.17 


cos  0=1 
A 


Ka  -  0.05  or  (1“Ka)  =  1 


Ra  Is  In  the  range  of  1  to  10%. 
Y  is  in  the  range  of  1  to  10%. 


A  Total  -  1  +  S  (1-Y)  -  A  R  +  S  (1-Y) 


A  for  our  experiments  =  4  x  10 


-5  2 


Ra  *  0.05 


A  Ra  -  2  x  10 


while 


S  *  7  cm4 


(1-Y)*  0.95 


S  (1-Y)  *  7  an 


so  that  If  W  A  Is  the  total  Input  power  then 

10~3  If  ra  -  1Z 

■  Total  Input  power  x 

10-2  if  Ra  -  10Z 
A 

If  the  area  used  to  measure  Wa  and  WA  is  A  and  if  the  total  power  measured 
at  A  Is  QA  and  at  a  Is  Q&  then 

Qa  ■  WA  A  total  input  power  and 
Qa  -  WftA 

or  Qa  -  QA  x  6  x  10-8  if  RA  -  1Z 


Q.  x  6  x  10-7  if  RA  -  10Z 


In  our  experiments  the  ratio  of  /Q^  ■  £  is  the  measured  quantity 
with  the  maximum  value  normalized  to  one.  The  theoretical  value  of  <5  then  should 

be 

5  -  6  x  l(f 8  if  R  ■  Y  ■  1Z 

-  6  x  10"7  if  R  -  Y  «  10Z 

A 

when  the  area  of  the  inside  of  eye  that  is  illuminated  is  approximately  one  part 
in  10^  of  the  total  area  of  the  eye.  The  only  basic  assumption  that  was  made 

for  this  derivation  is  that  the  inside  of  the  eye  is  a  diffuse,  completely 

scattering  surface.  It  does  not  take  into  account  any  scattering  in  the  cornea, 
lens,  aqueous  or  vitreous. 

Discussion 

1)  Retinal  Reflectivity 

The  theoretical  model  for  light  scatter  includes  a  term  for  the 
reflectivity  of  the  retina  over  the  illuminated  area  and  the  area  weighted 
average  retinal  reflectivity.  Both  of  these  terms  probably  lie  in  the  range 

of  1  to  10Z  and  vary  with  wavelength.  The  reflectivity  of  the  retina  has 
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been  measured  by  Hochheimer,  Vos,  et  al  Geeraets  and  Berry,  Brindley 

22  12  20 
and  Wlllmer,  Alpern  and  Campbell  and  Flower  et  al  for  both  monkey  and 

human  eyes.  This  data,  plotted  in  Fig.  7,  has  wide  variations.  Our  most 
recent  results  are  also  plotted  in  Fig.  7,  our  curve  seems  to  fall  approxi¬ 
mately  in  the  midst  of  all  the  rest  of  the  data. 

2)  Discussion  of  our  Data 

The  total  scattered  light  curves  show  a  fall  off  in  energy  from  the 
central  peak  leveling  off  at  approximately  3  or  4*.  Consider  first  the  data 
for  500  nm  as  shown  in  Fig.  8.  The  dotted  curve  shows  what  would  be  expected 
if  no  scatter  occurred,  it  is  Just  the  convolution  of  two  circles  as  they  are 
separated.  Although  these  curves  are  both  normalized  to  coincide  at  zero  it  Is 
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not  necessarily  true  that  all  of  the  energy  at  zero  degrees  is  due  to  direct 
illumination. 

When  the  retina  is  illuminated  with  light,  some  of  this  light  is 

scattered  by  the  lens,  cornea,  vitreous  and  aqueous,  some  is  Internally  scattered 

by  the  partially  reflecting  retina  and  some  is  Internally  scattered  in  the 

retina,  pigment  eplthelum,  choroid  and  sclera.  Corneal  scattering  curves 
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have  been  measured  by  Kikkawa  and  his  data  is  also  indicated  in  Fig.  8.  It 
is  assumed  that  the  cornea  scatters  approximately  102  of  the  total  input  energy 
and  the  lens  contributes  about  the  same  amount, and  that  the  convolution  data 
should  make  up  802  of  the  total.  When  these  are  added  together  they  should 
approximate  our  data.  This  approximation  is  shown  in  Fig.  9  for  our  data  at 
500  nm.  At  500  nm,  the  fit  is  not  too  bad.  When  a  constant  energy  tens, 

(.006  x  the  maximum  value)  is  added  to  the  corneal  scatter-convolution  term  the 
fit  to  the  500  am  data  is  very  good  except  near  the  peak  of  the  curve. 

My  interpretation  of  these  results  is  that  most  of  the  energy  can  be 
accounted  for  by  the  convolution  term  at  the  center  and  optical  element  scatter 
in  the  wings.  Some  energy  (.006  x  the  maximum  value)  is  internal  reflected 
energy  and  the  remaining  energy  near  the  peak  is  internal  scattered  light  in 
the  choroid  end  sclera.  Any  computation  of  this  last  mentioned  internal  scattered 
light  is  impossible  to  do  with  any  accuracy  because  it  involves  the  subtraction 
of  two  large  numbers  to  yield  a  small  value.  A  similar  analysis  can  be  done 
for  the  550,  600,  650  and  700  nm  curves  however,  for  the  700  nm  data,  this 
results  in  a  large  internal  contribution  term. 

Corneal  scatter  is  proportional  to  the  inverse  third  power  of  the 
29 

wavelength  and  small  particle  scattering  proportional  to  the  inverse  fourth 
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power.  Scattering  at  300  nm  should  therefore  be  less  than  252  of  that  at 
500  nm.  With  this  in  mind,  the  same  analysis  that  was  used  with  our  800  nm 
data  that  was  used  at  500  nm.  See  Fig.  10.  The  combination  of  convolution- 


corneal  scattering  produces  a  curve  which  Is  not  even  close  to  the  actual 
data.  With  a  constant  (10Z  of  peak  value)  tern  added  so  that  the  predicted  and 
actual  data  curves  meet  at  3C  off  axis,  there  Is  a  very  large  discrepancy 
at  all  other  angles.  The  sane  thing  happens  If  the  actual  data  at  750  nm  Is 
used. 

It  was  suggested  by  several  physicist  here  at  APL  (Richard  Farrell 
and  Russel  McCally)  that  my  data  did  not  go  to  large  enough  field  angles. 

With  a  different  nonkey  than  was  originally  used,  a  second  set  of  data  was 
taken.  This  data  Is  shown  In  Fig.  11.  The  curves  are  similar  in  shape  to 
our  other  data,  they  level  off  at  3  or  4°.  The  lowest  values  are  lower  than 
the  previous  set,  this  Is  probably  due  to  animal  to  animal  variations. 

3)  A  Comparison  with  the  Theoretical  Model 

Our  theoretical  model  Is  similar  to  that  of  Gouf fe^°  who  used  his 

derivation  to  successfully  predict  the  emission  from  blackbody  sources  and  to 
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that  of  Hochheimer  who  used  his  derivation  to  successfully  predict  the  power 
radiated  by  jet  aircraft  engines.  When  our  derivation  Is  applied  as  a  limiting 
case  of  an  Integrating  sphere,  the  results  are  correct.  We  therefore  have  some 
confidence  In  the  theoretical  predictions.  However,  when  applied  to  our  data 
there  seems  to  be  no  correlation.  The  theoretical  model  predicts  a  low  value 
leveling  off  of  our  curves  at  10”^  to  lO”7  of  the  maximum  value  for  Internal 
retinal  reflectivities  of  10  to  1Z.  These  values  of  reflectivity  seem  reasonable 

even  with  the  spread  In  values  shown  In  Fig.  7.  Our  data  Indicates  a  low  value 

-1  -2  -3 

of  10  for  800  nm  and  10  to  10  for  shorter  wavelengths. 

4)  Transmission  of  the  eye 

If  we  knew  the  amount  of  light  transmitted  by  the  eye  directly,  that  Is 

not  scattered,  we  could  deduce  an  upper  limit  for  the  amount  of  scattered  light. 
34 

Viesinger  et  al  measured  the  transmission  of  rabbit  eyes  and  found  it  to  be  85Z 
at  <>50  nm  and  rising  to  95Z  at  580  nm  and  falling  to  91.1  at  360  nm.  They  used 


•  5  an  diameter  opening  in  the  back  of  the  rabbit  eye,  this  amounts  to  a  15° 

collection  angle,  hardly  the  directly  transmitted  light.  Geeraets  et  al^ 

did  similar  measurements,  they  used  a  9  mm  diameter  opening.  Geeraets  and 
18 

Berry  did  measurements  on  monkey,  human  and  rabbit  eyes  again  with  a  9  mm 
diameter  opening. 
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Boettner  and  Wolter  measured  the  direct  (within  1°)  and  total (direct 
+  scattered)  transmission  of  various  sections  of  enucleated  eyes.  For  the 
cornea  they  show  a  total  transmission  of  about  90%  from  400  to  850  nm  and  a 
direct  transmission  of  40%  at  400  nm  rising  to  70%  at  800  nm.  It  is  difficult 
to  imagine  that  the  energy  scattered  at  angles  greater  than  1°  from  the  cornea 
is  approximately  1/2  the  incident  energy.  Their  measurements  for  the  total 
light  reaching  the  retina  indicate  a  value  of  80%  from  450  to  850  nm  and  the 
direct  transmittance  35%  at  450  and  50%  at  850  nm. 

5)  Other  Measurements  of  Scattered  Light  in  the  Eye 

Boynton  et  al^  measured  the  stray  light  in  excised  steer,  cat  and  human 
eyes  by  scanning  a  light  source  over  the  retina  and  measuring  the  light  going 
through  a  hole  cut  in  the  back  of  the  retina.  They  illuminated  an  area  4.76° 
in  diameter  and  used  an  aperture  of  1.5  mm  diameter,  the  aperture  subtended 
about  4*  in  a  steer  eye.  The  stray  energy  vs.  angle  graphs  look  similar  to  our 
data  except  that  the  low  energy  value  occurs  at  over  20°  and  amounts  to  1  part 
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in  10  of  the  maximum  value.  Their  experimental  procedure  differs  from  ours  in 
that  they  use  a  single  pass  through  the  eye  and  we  use  a  double  pass,  that  is 
we  measure  the  return  energy.  When  they  cut  a  second  hole  in  the  back  of  the 
eye  to  let  the  image  out,  not  hit  the  retina,  they  coul-  detect  no  change  in 
stray  light.  They  concluded  that  reflected  light  is  unimportant. 
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These  experiments  were  repeated  by  DeMott  and  Boynton  with  essentially 
the  same  results.  They  also  did  scattering  measurements  at  5°  as  a  function 
of  wavelength,  the  wavelength  going  from  460  to  640  nm.  Some  eyes  showed  small 

variations,  others  showed  none. 
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Fry  and  Alpern  measured  the  effect  on  visual  brightness  from  a  glare 
source.  They  concluded  that  the  stray  energy  on  the  retina  from  a  glare  source 
of  light  varied  as  the  Inverse  of  the  angle  between  the  glare  source  and  the 
fovea  to  the  2.5  power.  They  quote  Stiles  and  Dunbar  as  determining  the  exponent 
to  be  2  Instead  of  2.5. 

Vos  ^’6*7  jjj  a  series  of  papers  on  entoptlc  stray  light  concluded 
that  the  cornea  contributes  25JE,  the  retina  25Z  and  the  other  optical  compo¬ 
nents  of  the  remainder.  He  also  concluded  that  the  entoptlc  stray  light  Is 

independent  of  the  eccentricity  of  incidence. 
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Westheimer  and  Campbell  and  Kraushopf  measured  the  image  forming 
characteristic  of  the  eye  by  Imaging  a  line  source  on  the  retina  and  measuring 
the  distribution  of  light  In  the  retinal  reflected  image.  Their  technique  was 
very  similar  to  what  was  used  In  the  project.  It  is  unfortunate  that  their 
data  is  all  plotted  on  linear  scales  and  low  energy  values  at  large  angles 
are  therefore  not  obtainable.  DeMott^  used  the  inverse  of  a  line  source,  a 
black  line  on  a  bright  background.  His  experiments  indicate  a  very  large  value 
for  scattered  light  because  of  the  large  area  of  the  retina  is  illuminated. 

The  energy  in  the  image  of  an  edge  falls  by  one  log  unit  in  C.5°  and  does  not 
agree  with  theoretical  calculations  of  the  image  quality  of  the  eye  performed 
by  Hartridge.1* 


6)  Comparison  of  our  data  with  other  published  data. 

Fig.  12  shows  the  scattered  light  data  of  DeMott  and  Boynton  for  a 

human  eye.  Also  plotted  on  this  curve  is  the  fall  off  that  would  be  expected 
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if  stray  light  had  the  1/0  distribution  predicted  by  LeGrand.  Our  data  for 
500  nm  is  also  shown.  As  can  be  seen  from  Fig. 12  our  data  for  visible  light 
(500-700nm)  agrees  fairly  well  with  that  of  Boynton  or  Fry.  It  also  agrees  with 
Boynton's  conclusion  that  there  is  little  variation  with  wavelength  over  the 
visible  spectrum. 

When  our  data  for  500  nm  is  compared  with  what  could  be  expected  from 
a  combination  of  a  convolution  of  two  circles  combined  with  the  corneal  scatter 
predicted  by  Kikkawa  and  a  small  amount  of  internal  retinal  scatter  as  predicted 
by  Vos  or  LeGrand  the  agreement  is  also  quite  good. 
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If  the  value  for  constant  glare,  as  predicted  by  LeGrand,  is  corrected 
for  the  illuminated  area  difference,  that  is 

E  (glare)  -  800  E  (Illumination)  (0.5°  field) 

E  (glare)  -  800  x(0.5  )2  E  (Illumination) (0.835°  field) 

(0.836) 

E  (glare)  -  287  (Illumination)  (0.835°  field) 
then  the  predicted  glare  value  is  0.003  of  the  maximum  value.  Our  measured 
constant  energy  term  is  0.006  of  the  maximum  value.  This  agreement  is  excellent 
considering  the  different  approaches  taken  and  the  different  types  of  eyes  mea¬ 
sured. 

For  visible  wavelengths,  our  data  seems  in  reasonable  agreement  with 
what  was  found  by  others  with  the  exception  of  the  lack  of  retinal  reflected 
light  found  by  Boynton  et  al.  Because  of  this  agreement,  we  believe  our  data 
for  750  and  800  nm  also  to  be  correct. 

7)  The  Total  Amount  of  Scattered  Light  in  the  Eye, 

LeGrand  says  that  for  a  1/2  degree  source  there  is  uniform  scatter 


over  the  retina  equal  to  1/800  of  the  power  at  the  Illuminated  area.  A  1/2 
degree  diameter  area  is  about  1  part  in  10^  of  the  total  retinal  area.  If 
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the  total  area  is  illuminated  with  1  part  in  10  of  the  directly  illuminated 
area  there  must  be  100  times  as  much  energy  spread  over  the  whole  retina  as 
is  in  the  directly  illuminated  area. 

Boynton  indicates  from  his  curves  that  the  scattered  light  over  the 
inside  of  the  eye  could  be  1  part  in  1000  of  the  value  of  the  illuminated 
area.  His  illuminated  area  is  one  part  in  500  of  the  total  retina.  This 
indicates  that  1/2  the  total  energy  may  be  scattered  light. 
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Flower  determined  that  with  a  normal  Zeiss  fundus  camera,  which 
illuminates  a  30°  angle  in  the  eye,  that  of  the  total  light  coming  from  the 
illuminated  area  5 0%  is  scattered  energy.  He  found  this  value  by  comparing 
the  retinal  photographs  of  large  area  and  small  area  Illuminated  photographs. 

A  30°  angle  illuminates  about  1 0Z  of  the  total  retina.  The  total  light 
scattered  over  the  retina  could  be  5x  the  directly  illuminated  energy  on  the 
retina. 

De  Mott^  in  his  measurements  of  the  reflected  energy  from  the  retina 
when  an  edge  is  illuminated  or  with  a  black  bar-white  background  target  also 
indicates  that  a  great  deal  of  the  energy  Impinging  on  the  retina  is  scattered 
over  large  angles. 

Our  theoretical  calculations  indicate  that  for  a  retinal  illumination 
-4 

of  10  of  the  total  retinal  area  only  one  to  10%  ought  to  be  reflected  over 
the  entire  inside  of  the  eye.  Our  experimental  data  (500  nm)  would  indicate 
that  the  retinal  illumination  is  1  part  in  200  of  the  illuminated  area. 

This  would  imply  50  times  as  much  total  scattered  energy  as  direct  energy. 

The  theory  accounts  only  for  reflected  energy,  it  does  not  include  scattered 
light. 

The  fact  that  transmission  measurements  in  the  eye  indicate  a  high 
(''-90%,  transmission  :ces  not  conflict  with  ary  of  the  above  data  since  large 


solid  angles  were  used  in  the  measurements,  15  or  20°  included  angles  were 
often  used. 

While  the  data  of  Boettner  and  Wolter  is  in  conflict  with  that  of 
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Farrell  et  al  in  that  Farrell  measures  a  direct  transmission  of  the  cornea 
of  well  over  90%  and  Boettner  a  much  lower  value,  our  data  is  in  agreement  with 
Boettner  and  Wolter. 
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Miller  and  Benedek  say  that  the  cornea  scatters  10%  of  the  Incident 
energy.  They  also  say  that  the  cornea  contributes  25%  of  the  scatter,  the  fundus 
25%  and  the  lens  50%.  If  the  cornea  scatters  10%  then  the  fundus  must  also 
scatter  10%  and  the  lens  20%.  If  a  10%  value  is  assigned  to  all  other  scattering 
sites  then  50%  of  incident  light  on  the  eye  is  scattered. 

Thus  even  considering  only  visible  light  if  a  small  area  of  the  retina 
is  directly  illuminated  the  total  amount  of  light  impinging  on  the  rest  of  the 
retina  may  be  1/2  to  over  10  times  the  directly  illuminated  power. 

We  have  no  data  from  other  sources  to  compare  with  ours  for  750  or  800  nm 
Since  corneal  scatter  should  be  almost  negligible  here,  we  must  conclude  that 
the  retinal  reflected  energy  combined  with  the  scattered  energy  from  the  lens  is 
very  high.  The  shape  of  the  curves  (Fig.  5)  would  also  indicate  a  large  Internal 
retina-choroid-sclera  scatter,  covering  several  degrees. 

8)  Comparison  between  Coherent  and  Incoherent  Illumination 

Since  the  fiber  optics  illuminated  curves  (Fig.  6)  from  filtered  white 
light  and  632.8  nm  HeNe  laser  light  are  almost  identical,  within  our  measurement 
accuracy,  temporal  coherence  seems  to  have  no  effect.  When  the  laser  illuminates 
the  retina  directly  the  curves  fall  off  to  a  much  lower  value.  This  is  to  be 
expected  since  the  illuminated  area  Is  small  compared  to  the  measuring  area. 


We  therefore  believe  that  spatial  coherence  Is  of  no  consequence  In  entoptic 
light  scatter. 

9)  Color  of  Small  areas  In  a  Retinal  Photograph 

iQ  20 

Hochheimer  and  Flower  et  al  have  both  used  bandwidth  limited  retinal 

photographs  to  determine  the  spectral  reflectivity  of  retina.  Flower  made 

measurements  on  the  arteries  and  veins  of  three  human  and  one  monkey  retina. 

His  curves  would  Indicate  that  the  arteries  (or  veins)  of  all  of  these  retinas 

vary  widely  In  color.  We  have  examined  color  photographs  of  all  of  these  sub- 
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jects.  Over  or  near  the  disc  all  of  the  arteries  (or  veins)  are  the  same 
color  for  all  of  the  different  subjects.  Over  the  rest  of  the  retina  the  ar¬ 
teries  (or  veins)  seem  to  take  on  the  same  color  as  the  background,  pigmented 
color,  of  the  retina. 

In  order  to  determine  if  the  color  change  Is  due  to  internal  scattered 
light,  a  series  of  color  retinal  photographs  were  taken  with  large  to  small 
retinal  illuminated  areas.  These  are  shown  In  Fig.  13.  The  flash  exposure 
for  the  largest  illuminated  area  is  setting  1  on  a  260P  power  supply  and  is 
setting  4  for  the  smallest  Illuminated  area.  The  total  scattered  light  in 
the  eye  should  be  proportional  to  the  illuminated  area  and  If  the  reflected 
light  from  a  small  retinal  area  is  measured  as  the  illuminated  area  is  increased, 
the  measured  energy  value  will  also  increase  and  can  be  expressed  as 

E  energy  ■  Constant  (1+Constant  x  Area) 

In  the  last  yearly  progress  report  we  described  an  experiment  to  test 

this  hypothesis.  The  retina  was  illuminated  with  white  light  over  areas  that 
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were  varied  over  wide  values,  the  maximum  retinal  area  was  3mm  .  The  sampled 
retinal  area  was  small  and  centered  with  respect  to  the  illuminated  area. 


The  data  was  plotted  and  a  straight  line  drawn  through  the  largest  energy 
values.  This  supplied  constants  for  the  equation. 

Energy  ■  91  (1  +  0.004  Area) 

The  accuracy  was  such  that  the  0.004  value  is  not  well  known,  it  lies  between 
0.003  and  0.006. 

From  flash  1  to  flash  4  for  the  Zeiss  power  supply  the  energy  output 
varies  by  about  a  factor  of  5.  The  smallest  area  differs  from  the  largest 
erea  by  a  factor  of  400.  The  theoretical  expression,  with  measured  constants, 
would  predict  a  difference  in  retinal  reflected  energy  due  to  scattering  from 
the  largest  to  the  smallest  areas  of  2.6X.  The  photographic  exposures  of 
smallest  and  largest  areas  are  probably  the  same  within  a  factor  of  2. 

Flower's  statement  that  over  one  half  the  reflected  light  in  a  retinal  photograph 
is  scattered  is  true.  This  again  verifies  that  the  scattering  in  the  eye  is 
very  high. 

Boynton  et  al*  in  his  steer  eye  experiments  found  a  similar  Increase 
in  what  was  essentially  the  same  type  experiment  that  we  did.  The  Illuminated 
area  was  increased  by  19X  and  the  energy  through  the  illuminated  hole  Increased 
by  14Z.  Our  formula  would  predict  an  8Z  increase. 

Fig. 14  is  a  composite  photograph  that  shows  the  change  in  color  of  a 
vein  as  the  illuminated  area  is  decreased.  On  the  original  positive  slides, 
the  color  change  is  somewhat  more  pronounced  than  is  seen  in  the  reproduction. 
Even  with  this  small  of  an  area  of  illumination,  the  vein  still  has  some  of  the 
color  of  the  background  indicating  that  scatter  still  exists. 

In  Fig.  13,  when  the  illuminated  area  is  a  considerable  fraction  of 
the  area  photographed,  a  large  amount  of  flare  energy  can  be  detected  as  back¬ 
ground  in  the  non- illuminated  area.  The  blue  color  is  likely  due  to  the  high 
tlue  film  sensitivity  at  low  exposure  levels  and  the  high  blue  content  of  the 


xenon  flash  lamp. 

10)  Consequences  of  high  valves  of  scattered  light 

If  the  total  scattered  light  in  the  eye  really  is  as  high  as  it  seems 
to  be  from  the  data  of  LeGrand,  Bounton,  Fry,  Vos  or  ours  and  does  increase 
dramatically  in  the  near  infrared  there  are  several  consequences. 

A.  The  quantum  efficiency  of  the  eye  has  been  determined 
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to  be  only  several  percent.  Scattering  could  account 
for  this  low  value. 

B.  The  energy  needed  to  cause  laser  retinal  damage  rises  in 

AO 

the  near  infrared.  If  much  of  the  input  light  is 
scattered  away  from  the  laser  Impact  area,  this  rise  would 
be  accounted  for. 


C.  It  is  very  surprising  that  our  vision  is  as  good  as  it  is. 


Conclusions 


1)  There  are  no  differences  In  entoptlc  scatter  between  coherent  and  Incoherent 
Illumination. 

2)  A  very  large  percentage  of  light  Impinging  on  the  cornea  Is  scattered 
before  and  after  reaching  the  retina. 

3)  Because  of  the  large  acceptance  angles  the  data  for  light  transmission  in 
the  eye  is  unreliable. 

4)  Because  of  light  scatter  in  the  eye  retinal  reflectance  measurements  are 
inconsistent  and  unreliable. 

5)  The  scatter  in  the  eye  due  to  retinal  reflectance  is  low  in  the  visible  but 
probably  very  high  in  the  near  infrared. 
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6)  The  shape  of  gallium  arsenide  laser  bums,  as  found  by  Beatrice  and  Lund, 
could  be  accounted  for  by  entoptlc  light  scatter. 

7)  Gallium  arsenide  or  neodymium  laser  energy  is  much  more  likely  to  effect 
the  whole  retina,  not  just  where  it  is  directly  illuminating,  than  is  a 
visible  laser. 

8)  Color  indications  of  small  retinal  areas  from  retinal  photographs  are  likely 
to  be  misleading,  the  pigment  epithelium  exerts  a  large  Influence. 

9)  Laser  pan-retinal  photocoagulation  may  have  an  effect  over  the  whole  retina 
because  of  the  very  large  number  of  individual  bums. 

10)  Focal  ERG  measurements  are  greatly  influenced  by  scattered  light  even  for 
very  small  areas  of  illumination  (see  also  ref.  42). 


-26- 


Future  Areas  of  Research 

It  is  expected  that  our  laboratory  at  Wllmer  Institute  will  be  moved 
to  a  different  room  in  the  very  near  future.  When  this  occurs,  we  will  adapt 
our  argon  ion  laser  to  make  scattering  measurements  when  the  laser  energy  is 
impinging  on  a  coagulated  area. 

We  are  also  exploring  the  possibility  of  using  a  silicon  diode  detector 
in  place  of  the  photomultiplier  in  order  to  go  to  longer  wavelengths.  We  will 
then  investigate  in  more  detail  the  700  to  1000  nm  region  to  see  if  there  are 
any  unexpected  changes  with  wavelength. 


Figure  Captions 


A.  Optical,  Mechanical  and  electronic  system 
for  recording  light  scatter  in  the  eye. 

B.  Optical  paths  for  illumination  and  recording 
beams  in  the  eye.  For  simplicity  all  refrac¬ 
tion  was  considered  to  take  place  at  the  cornea. 

The  overlapping  beams  are  shown  only  for  centered  beams 
non-co-axial  beams  will  also  overlap  but  only 
partially  so. 


Scattering  data  in  an  artificial  eye. 
Also  shown  is  the  expected  curve  if  only 
the  convolution  curve  of  the  overlapping 
of  two  circles  occurred. 


A  typical  strip  chart  record  of  the  light 
scattering  data  for  650  nm. 


Mon-normalized  scattering  curves  for  500, 
550,  600  and  650  nm. 


Non-normalized  scattering  curves  for  700, 
750  and  800  nm. 


Scattering  curves  for  filtered  white  light 
at  633  nm  and  for  HeNe  (633  nm)  fiber  optics 
retinal  illumination.  Shown  also  is  the  curve 
where  the  laser  directly  illuminates  the  retina. 


Retinal  reflection  curves  taken  from  many  sources 
for  monkey  or  human  subjects.  Note  the  wide 
variation  in  the  data. 


Data  for  500  nm  scattering  plus  the  corneal 
scattering  as  predicted  by  Kikkawa  and  the  curve 
for  the  convolution  of  two  circles. 
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Pig.  13 


Fig.  14 


The  curve  is  the  scattering  data  for  500  nm. 
The  data  points  are  for  terms  made  up  of  80%. 
convolution  curve,  20%  corneal  scattering  and 
0.6%  constant  term.  The  data  points  fit  the 
curve  very  well  except  near  the  peak.  This 
difference  is  believed  to  be  due  to  Internal 
retinal,  choroidal  and  scleral  scattering. 


This  curve  is  for  800  nm,  similar  to  Fig.  9. 

95%  convolution  curve,  5%  corneal  scattering 
and  a  10%  constant  term  make  up  the  data  points. 
Note  the  large  discrepancy. 


Curves  similar  to  fig.  4  and  5  for  500,  600, 
700  and  800  nm.  Data  is  normalized  and  is 
extended  to  7*.  This  data  is  not  for  the 
same  animal  used  for  fig.  4  and  5. 


The  500  nm  data  from  Fig.  11  along  with  the 
curve  of  De  Mott  and  Boynton  for  a  human  eye 
and  a  1/02  fall  off  in  glare  as  predicted  by 
LeGrand  or  Fry.  Fry  predicted  a  1/0Z*  fall  off. 


A  composite  of  color  monkey  retinal  photographs 
with  different  areas  of  the  retina  illuminated. 
The  large  area  of  Illumination  was  taken  with 
Flash  1  while  the  smallest  area  was  taken  with 
Flash  4,  a  factor  of  five  variation  in  retinal 
energy  per  unit  area. 


A  side  by  side  comparison  of  a  vein  taken  with 
large  and  small  area  illumination.  Note  the 
color  shift  and  the  variation  in  color  of  the 
veins  and  arteries  over  the  disc  and  over  the 
rest  of  the  retina. 
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Fluorescence  Measurements 


Introduction 

Before  1960  the  use  of  dyes  in  biology  and  medicine  was  confined  to  the 
study  of  histologic  samples^ .  The  ability  of  a  dye  to  bind  to  a  particu¬ 
lar  part  of  a  cell  was  most  important.  The  dye  color,  and  sometimes  fluores¬ 
cence,  emphasized  specific  areas  of  cells  or  membranes.  In  more  recent  times 
specific  dye  properties  have  been  used  to  study  cell  cultures®.  In  particular 
the  fluorescence  properties  of  dyes,  the  excitation  and  fluorescence  spectrum, 
the  fluorescence  polarizability,  fluorescence  decay  time  and  fluorescence 
quantum  efficiency,  have  been  used  to  infer  cell  properties^.  For  these 
purposes  the  fluoresceins,  rhodamines,  acridines  and  various  anilnonaphthalene 
sulfonic  acids  are  often  preferred® . 

Fluorescein  angiography  and  angioscopy  have  been  in  use  in  ophthalmology 

O 

since  I9600.  These  techniques  give  ouch  spatial  information,  some  blood 
dynamics^,  and  useful  data  on  the  integrity  of  retinal  membranes.  Cunha-Vaz 
et  al*®  have  correlated  the  intensity  of  fluorescence  of  fluorescein  in  the 
vitreous  with  the  degree  of  diabetic  retinopathy.  Aqueous  dynamics  have  been 
studied  with  fluorescein  by  many  investigators®.  However,  much  information 
contained  in  the  fluorescence  of  fluorescein  is  never  utilized. 

The  fluorescence  of  any  molecule  can  supply  information  on  processes  that 
take  place  in  the  molecule  during  the  time  between  excitation  and  emission  of 
light  '.  Although  many  types  of  fluorescent  measurements  can  be  made,  the 
real  problem  in  the  use  of  fluorescent  probes  is  the  recognition  and  analysis 
of  the  primary  photochemical  processes  that  are  involved.  Fig.  1  indicates, 
in  a  very  simplified  way,  some  things  that  might  happen  when  a  molecule  is 
excited  by  a  photon.  The  dye  molecule  absorbs  light  whereby  a  molecular 
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electron  is  raised  to  an  excited  vibrational  level.  This  energy  may  reappear 
as  heat  due  to  radiationless  decay,  it  may  be  given  up  in  normal  fluorescence, 
or  it  may  be  transferred  to  a  different  electronic  system.  Excitation  takes 
place  in  10~^  seconds  (all  times  are  only  approximate)  and  in  10”^  seconds 
the  electrons  undergo  radiationless  transitions  to  the  lowest  vibrational 
level  of  the  first  excited  state.  If  the  dye  has  a  high  fluorescence  quantum 
efficiency  the  electrons  will,  in  10  seconds,  most  often  return  to  the 
ground  state,  emitting  a  photon  of  light.  Strongly  fluorescent  molecules  have 
singlet  ground  states  and  higher  level  triplet  states.  Some  excited  state 
energy  may,  by  inter-system  crossing,  be  transferred  to  the  triplet  system  in 
a  reversible  reaction.  The  triplet  lowest  state  to  singlet  ground  state 
transitions  is  partially  forbidden,  this  shows  up  as  a  long  decay  time  of  10”^ 
seconds. 

If  the  dye  molecule  is  in  close  proximity  to  another  molecule,  the 

excited  state  energy  can  be  transferred  from  one  molecule  to  another.  This, 

in  solution,  is  generally  controlled  by  diffusion  in  which  case  a  steady  state 

is  reached  in  10"^  seconds.  Some  molecules,  oxygen  is  of  special  importance 

in  the  eye,  have  triplet  ground  states  and  can,  by  energy  transfer,  deplete 

the  dye  molecule  triplet  state.  Since  the  excited  singlet  state  to  triplet 

state  transfer  of  energy  ordinarily  takes  place  in  a  reversible  reaction  in 
—ft 

10  seconds,  the  rapid  depletion  of  the  triplet  state  causes  quenching  of  the 
primary  fluorescence.  Parke rAJ  gives  a  complete  description  of  the  processes 
that  can  take  place  in  solutions  while  a  molecule  is  in  a  state  of  electronic 
excitation. 

As  an  example  of  a  fluorescent  dye  that  is  influenced  by  its  surround¬ 
ings,  consider  fluorescein  in  the  retina.  Hodge  and  Clement^  showed  that  the 
fluorescence  spectra  of  fluorescein  in  blood  depended  on  the  degree  of  blood 


oxygenation.  A  strong  fluorescence  peak  at  615  nm  in  arterial  blood  suggest 
that  there  is  an  abnormally  large  triplet  state  interaction  under  these 
conditions.  Haining  and  Lancaster^  found  that  the  peak  excitation  for  blood 
samples  withdrawn  from  patients  varied  with  fluorescein  concentration,  blood 
hemoglobin  and  pH.  Allen  and  Frazier1^  show  twin  excitation  peaks,  as  did 
Haining  and  Lancaster,  but  a  different  fluorescent  peak  wavelength.  Delori 
and  Ben-Sira^®  recorded  the  excitation  and  emission  spectra  of  fluorescein  in 
the  eye  and  show  a  wavelength  shift  in  both,  relative  to  the  emission  of  fluo¬ 
rescein  in  water.  All  of  these  people  were  trying  to  find  better  filters  to 
do  fluorescein  angiography  and  failed  to  take  into  account  that  the  effects 
they  were  seeing  may  have  been  due  to  the  binding  of  fluorescein  dye  molecules 
to  constituents  in  the  blood  or  in  the  retina  itself. 

The  basic  fluorescent  quantities  are  the  excitation  and  fluorescence 
spectra,  the  fluorescence  quantum  yield,  the  fluorescence  polarizability  and 
the  fluorescence  decay  time.  Measurement  of  these  quantities  can  be  used  to 
infer  the  following  conditions  surrounding  a  fluorescent  probe^*^®: 

1)  Binding  site  polarity. 

The  separation  between  the  excitation  and  emission  spectra  is  very 
sensitive  to  local  solvent  polarity.  This  information  is  of  importance  in 
understanding  membrane  transport  phenomena. 

2)  Environmental  Constraints  . 

A  viscous  environment  of  the  fluorescent  molecule  causes  an  increase  in 
quantum  yield  and  in  polarizability.  The  polarizability  can  be  used  to  infer 
the  ratio  of  free  to  bound  dye. 

3)  Distances  Measurements^. 

Electronic  energy  can  be  transferred  between  separated  molecular  systems, 
the  rate  of  transfer  is  proportional  to  the  sixth  power  of  the  separation 


distance.  The  distances  betwen  binding  sites  of  fluorescent  probes  can  often 
be  inferred  by  fluorescence  energy  rate  measurements. 

4)  Accessibility*3. 

Fluorescence  quenching  can  be  caused  by  a  number  of  molecules,  oxygen  is 
a  particularly  important  and  powerful  quencher.  By  comparing  the  quantum 
yield  of  the  free  and  bound  fluorescent  probe,  the  exposure  to  the  quencher 
can  be  estimated.  Local  oxygen  partial  pressure  can,  with  suitable  probes,  be 
monitored  with  fast  time  resolution. 

5)  Rotational  Mobility23*24*25. 

Polarization  measurements  of  bound  fluorescent  probes  indicate  the  rela¬ 
tive  mobility  of  the  binding  site. 

6)  Local  pH26. 

Most  fluorescent  probes  have  intensity  and  spectral  changes  with  changes 
in  pH.  Fluorescein  may  not  be  the  moat  sensitive  but  it  does  show  widely 
different  characteristics  with  changes  in  solvent  pH. 

7)  Heterogeneous  interaction^ »2^ >2® . 

Under  favorable  circumstances  several  fluorescent  decay  times  can  be  re¬ 
solved.  This  indicates  binding  sites  with  different  environments. 


Objective 


Our  objective  in  this  project  is  to  apply  fluorescence  techniques  to  aid 
in  an  understanding  of  cellular  changes  in  the  retina  from  disease  or 
trauma.  We  will  use  the  fluorescence  methods  devised  by  cell  biologist  in 
their  assessment  of  cells  and  membranes  as  well  as  new  methods  perfected  in 
our  laboratory.  We  wish  to  be  able  to  obtain  all  of  the  fluorescence  data 
that  is  possible  and  analyze  it  for  its  usefulness  in  the  determination  of 
retinal  problems.  Comparisons  will  be  made  with  in-vitro  studies  of  dye 
solutions  ar.d  dves  incorporated  in  live  :ell  colonies.  Methods  and  equipment 


will  be  simplified  so  they  can  be  used  In  a  clinical  setting  with  human 
subjects. 

At  the  present  time  there  is  very  little  that  can  be  ascertained  at  the 
cellular  level  of  the  changes  that  occur  in  the  retina  with  age,  disease  or 
trauma  except  through  histologic  examination.  The  in-vivo  tests  that  are 
availabe  enable  only  the  gross  changes  to  be  seen.  If  retinal  damaging 
effects  can  be  examined  at  the  cellular  level  then  we  will  have  a  better 
understanding  of  the  mechanisms  producing  damage  and  improved  prevention  and 
treatment  methods  can  be  devised. 

Program  Goals 

When  this  program  was  started  a  list  of  goals  were  out.  tned.  Although 
this  list  has  been  somewhat  revised  it  has  not  drastically  changed.  Some  of 
these  goals  have  already  been  met,  some  are  being  worked  on  at  present  and 
others  we  hope  to  work  on  in  the  future.  This  is  a  long  term  project  that 
could  involve  many  dyes  but  for  the  present  we  are  only  using  sodium  fluores¬ 
cein  dye  as  it  already  is  approved  for  human  use. 

Our  list  of  goals  is  as  follows: 

1.  Demonstrate  that  we  can  measure  the  excitation  and  fluorescence 
spectra,  the  polarizability,  the  dye  decay  time  and  the  quantum  efficiency. 

The  measurement  of  the  first  three  of  these  has  been  done  in  animal 
models  with  no  adverse  effects  to  the  retina.  We  can  measure  the  relative 
fluorescence  efficiency  but  not  the  absolute  (or  even  relative)  quantum 
efficiency. 

2.  Determine  how  to  obtain  instrument  independent  data. 

We  can  now  do  this  for  all  of  our  measurements  either  as  the  measure 


ments  are  taken  or  by  applying  correction  factors.  This  Is  absolutely  neces¬ 
sary  if  data  is  to  be  compared  between  investigators. 


3.  Obtain  all  the  data  repeatedly  after  a  single  injection  of 
fluorescein  dye. 

This  can  be  done  serai-automat ically  now  under  computer  control  with 
the  exception  of  the  decay  time.  An  argon-ion  laser  has  been  recently 
obtained  and  we  already  have  a  light  modulator  and  a  high  frequency,  phase 
sensitive,  lock-in  amplifier.  When  these  are  incorporated  in  our  system  this 
goal  will  be  met. 

4.  In-vitro  determination  of  dye  fluorescence  properties  in  a  wide 
variety  of  solvents. 

Studies  have  been  done  in  polar  solvents,  in  aqueous  solvents  of 
variable  pH,  in  aqueous  solvents  as  a  function  of  concentration  and  in 
glycerin  and  dextrose  solution  of  variable  viscosity.  All  of  these  measure¬ 
ments  will  be  repeated  under  the  same  condition  used  in  our  animal  studies, 
our  initial  measurements  were  not  always  corrected  for  instrumental  effects. 

5.  In-vitro  determination  in  blood-dye  solutions^ . 

This  study  will  be  done  this  year.  The  variables  will  be  pC^f  pH 
concentration,  and  hematocrit. 6.  Measurement  in  normal  and  test  animals-**. 

This  has  already  been  started.  In  the  progress  sections  are  shown 
typical  measurement  on  a  normal  monkey  retina. 

7.  Freeze-dried  histologic  analysis  of  retinal  sections  obtained 
after  a  dye  injection  32, 33, 34, 35, 36^ 

We  need  to  know  where  the  dye  we  are  examining  really  is.  For  normal 
retinas  the  retinal  vessels  and  the  choroid  contain  most  of  the  dye.  There 
have  been  several  previous  studies  on  normal  retinas  that  we  can  use  as  a 
starting  point.  However,  nothing  seem  to  have  been  done  on  diseased  or  dam¬ 
aged  retinas.  This  analysis  will  also  be  started  this  year. 


8.  Comparison  of  animal  and  in-vitro  data^'^®*^ 

This  will  be  started  this  year.  Some  limited  comparisons  are  already 
available  using  our  in-vitro  solvent-dye  data  and  data  from  the  published 
literature. 

9.  Improvements  are  need  in  the  following  areas  : 

a)  Instrumentation  simplicity 

b)  Accuracy,  precision,  sensitivity 

c)  Smaller  and  multiple  retinal  areas 

d)  Data  presentation 

This  is  a  goal  which  we  are  always  working  on,  it  probably  never  will  be 
finished. 

10.  Determination  of  membrane  and  cellular  changes  which  result  from 

retinal  damage. 

This  goal,  the  most  important  one,  lies  somewhere  in  the  future, 
hopefully  the  near  future. 

11.  The  use  of  dyes  other  than  fluorescein^0,^»^»57. 

Our  equipment  is  capable  of  measurements  of  any  fluorescent  dye  with 
a  high  fluorescence  efficiency  at  wavelengths  where  the  eye  is  transparent. 

As  we  have  been  studying  the  feasibility  and  characteristics  of  fluorescent 
dyes  for  a  number  of  years  this  could  be  started  at  any  time,  however,  at  the 
present  only  fluorescein  is  being  used. 

12.  Cell  colony  studies^’^*^*^. 

Most  cell  colony  fluorescence  studies  have  used  dyes  that  were  chosen 
for  a  particular  biological  characteristic.  We  are  under  the  constraint  that 
the  dye  must  be  non-toxic,  water  soluble,  and  compatible  with  live  animals. 

For  clinical  purposes  it  must  also  be  approved  for  human  use,  this  is  why 
fluorescein  was  chosen  for  our  initial  studies.  There  are  several  individual 
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cell  studies  now  under  way  at  Wilraer  Institute,  we  will  utilize  this  expertise 
that  is  already  available.  This  study  will  not  start  until  sometime  in  the 
future. 

Progress 

1)  Instrumentation 

The  optical  system  is  the  same  as  that  shown  in  the  previous  section  on 
light  scatter.  Instead  of  the  fiber  optics  source  either  a  white  light  source 
or  a  monochromatic  source  is  used.  The  white  light  source  is  used  for  the 
reflectivity,  and  fluorescence  spectra  and  polarizability.  A  tungsten-iodide 
source  and  a  small  grating  monochromater  are  used  for  the  monochromatic  light, 
the  spectral  bandwidth  of  the  monochromater  is  approximately  17  nm.  The  white 
light  source  is  a  tungsten-iodide  lamp. 

The  output  of  the  photomultiplier  tube  that  comes  after  the  rotating 
interference  monochromater  is  read  with  a  6-1/2  digit  voltmeter.  A  second 
photomultiplier  is  used  to  detect  the  fluorescence  energy  when  the  excitation 
spectra  is  measured.  A  mirror  can  be  inserted  after  the  enlarging  relay  lens 
to  direct  the  energy  to  this  photomultiplier.  Its  output  is  amplified  with  a 
PAR  124A  lock-in  amplifier.  The  monochromatic  excitation  source  is  chopped 
and  a  phase  signal  is  fed  from  the  chopper  to  the  lock-in  amplifier. 

A  Schott  OG  550  barrier  filter  (50%  transmission  at  550  nm,  long  pass 
filter)  is  used  to  eliminate  short  wavelength  light  for  the  excitation 
measurements.  Ditric  Optic  460  nm  and  600  nm  long-pass  cut  off  filters  are 
used  together  as  an  exciter  filter  for  the  fluorescence  emission  measure¬ 
ments.  The  460  nm  cuts  off  the  long  wavelengths  (50%  transmission  at  460  nm) 
the  600  nm  cut  off  filter  eliminates  a  long  wavelength  transmission  of  the  460 
filter.  A  500  nm  long  pass  Schott  filter  is  used  as  a  barrier  filter  for 
emission  measurements  to  avoid  overloading  the  photomultiplier.  A  neutral 
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density  of  2  filter  is  used  for  the  reflectivity  measurements,  again  to 
prevent  overloading  of  the  photomultiplier.  Rotating  polarizers  (Polaroid  HN 
32)  can  be  inserted  in  both  the  input  and  output  light  paths. 

2)  Correction  Factors 

2A)  Correction  Factor  for  Polarizability 

What  we  wish  to  measure  is  the  polarizability  P  defined  as 


P 


A-B 

A+B 


where  A  is  the  intensity  with  input  and  output  polarizers  parallel  and  B  is 
the  intensity  with  input  and  output  polarizers  crossed.  What  is  measured  is 


and 


A  -  C2B 
A  +  C2B 


C3  A  -  C4B 
C3  A  +  C4B 


where  Cj  denotes  input  and  output  polarizer  verticle,  C2  denotes  the  input 
polarizer  vertical  and  the  output  horizontal,  C-j  denotes  the  input  and  output 
polarizers  horizontal,  and  C^  denotes  the  input  horizontal  and  the  output 
verticle.  With  frontal  illumination  and  collection  of  fluoresence  P^  should 
equal  P2;  they  differ  because  of  partially  polarizing  elements  in  the  optical 
paths.  The  maximum  obtainable  value,  with  this  type  of  illumination,  is 
33Z.  Cj  is  made  up  of  two  factors,  Kj  for  the  input  polarizer  and  K2  f°r  t*'e 
output  polarizer, 
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Pj  and  ?2  now  contain  only  two  unknowns,  one  of  which  is  needed  to  solve 
for  P.  Rearranging  P^ 

P1  (NQH)  -  NQ-1 


and  solving  for  N 


<V  »  i 
1)  Q 


and  for  P2 


N 


(P2-  1) 
Q  (P2+  1) 


these  two  equations  are  equated,  eliminating  N 

l  (Pj+  1)  (P2-  1) 

Q  (Pj-  D  "  Q  (P2+  1) 

and  solving  for  Q 

(Pj+  1)  (P2+  1)  1/2 

Q  ”  (Pj-  1)  (P2-  1) 

Q  is  inserted  in  the  equation  for  P 
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P  may  have  plus  or  minus  values;  the  absolute  value  must  be  taken  for 


the  square  root  that  determines  Q.  If  P  is  positive,  both  P^  and  P2  will  be 
positive  and  if  P  is  negative,  both  P^  and  P2  will  be  negative.  A  check  on 
the  sign  of  Pj  will  remove  any  ambiguity. 


2B)  Corrections  for  excitation  spectra 

The  central  stop,  in  the  input  light  path  that  is  just  before  the  mirror 
with  the  central  hole  in  our  modified  fundus  camera,  is  a  silicon  diode  detec¬ 
tor.  This  detector  measures  a  fraction  of  the  input  light  energy.  The  only 
off  axis  component  after  the  detector  is  the  mirror.  This  mirror  is  coated  to 
equally  reflect  the  P  and  S  polarization  components  to  within  a  few  percent. 
The  diode  detector  wavelength  sensitivity  curve  has  been  least  squares  fitted 
to  a  third  order  equation.  The  measured  input  light  fraction,  corrected  for 
the  detector  wavelength  sensitivity,  is  used  to  apply  a  correction  factor  to 
the  excitation  spectra  and  the  excitation  polarization. 

2C)  Corrections  for  emission  spectra 

The  fluorescence  emission  spectra  is  measured  by  inputing  white  light 
through  a  short  pass  exciter  filter  and  detecting  the  fluorescence  energy  with 
a  photomultiplier  after  it  has  passed  through  the  rotating  interference  mono- 
chromater.  A  standard  lamp  has  its  emission  curve  fitted  to  a  third  order 
equation.  The  lamp  is  placed  at  the  front  of  the  camera  so  that  the  filament 
image  is  centered  on  the  exit  aperture  that  just  precedes  the  monochromate r. 
The  lamp  output  energy  is  measured  as  a  function  of  wavelength  and  a  transmis¬ 
sion  plus  detector  response  function  computed.  This  response  function  is  used 
to  correct  the  fluorescence  emission  data. 

No  correction  factor  is  used  at  present  for  the  polarized  excitation 
energy  used  for  the  fluorescence  emission  polarization  spectra.  The  light 
measuring  diode  cannot  be  used  as  it  is  overloaded  with  the  excitation 
energy.  We  plan  to  insert  a  neutral  density  filter  before  this  detector  but 
this  has  not  yet  been  done.  The  fluorescence  emission  polarization  spectra  is 
at  present  only  a  relative,  not  fully  corrected  value.  The  correction  factor 
is  very  small,  les3  than  one  measurement  accuracy. 


2D)  Corrections  for  reflection  spectra 

The  retinal  reflection  spectra  measurements  are  divided  by  similar  mea¬ 
surements  on  a  17%  reflectivity  artificial  eye  retina  and  then  multiplied  by 
0.17.  The  artificial  eye  data  can  be  taken  any  time  before  the  dye  injec¬ 
tion;  the  data  is  stored  on  magnetic  tape  for  future  use. 

2E)  Wavelength  calibration 

The  rotating  interference  monochromater  is  calibrated  with  a  low  pressure 
mercury  penray  lamp.  The  calibration  is  checked  at  frequent  intervals  with  a 
set  of  narrow-band  interference  filters. 

3)  In-vitro  solvent  data 

All  of  the  measurements  reported  in  this  section  are  for  frontal  illumi¬ 
nated  samples,  similar  to  what  is  done  with  the  retina.  We  did  not  make 
corrections  for  spectral  changes  in  light  output  or  for  instrument  trans¬ 
mission;  however,  these  contribute  only  minor  changes,  mostly  in  absolute 
values,  not  in  relative  values. 

The  fluorescence  characteristics  of  fluorescein  have  been  measured  in  a 
variety  of  solutions.  In  water  the  pH  and  concentration  were 
varied^  ***'  .  Fig.  2  shows  the  change  in  peak  excitation  wavelength  as 

the  pH  is  varied  from  three  to  eleven.  The  concentration  was  10-^.  Above  6.6 
the  peak  wavelength  is  constant,  492  nm.  Fig.  3  shows  the  change  in  the  in¬ 
tensity  of  the  peak  versus  pH,  this  is  peak  intensity  of  the  excitation  curve 
when  all  of  the  fluorescence  energy  above  540  nm  is  collected.  The  variation 
in  intensity  is  30%  for  pH  6  to  8.  We  do  not  yet  have  the  equivalent  data  for 


the  fluorescence  spectra 
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Figs.  4  and  5  show  the  changes  in  peak  excitation  wavelength  and  peak 
emission  wavelength  with  variations  in  concentration.  Our  initial  data  was 
taken  using  glass  bottles  of  solutions,  the  bottles  are  approximately  5  cm  in 
diameter.  Since  we  did  not  expect  this  much  variation  in  peak  wavelength  with 
changes  in  concentration,  it  was  suspected  that  there  was  an  inner  filter 
effect  giving  these  results.  We  next  used  2  mm  thick  cuvettes  and  found  only 
a  slight  difference  from  the  previous  results.  Also  measured  were  the  rela¬ 
tive  integrated  fluorescence  intensities  in  the  2  mm  cuvettes  and  the  5  cm 
bottles.  Fig.  6  shows  this  data,  the  curves  are  normalized  such  that  the  peak 
recorded  value  was  made  equal  to  100.  There  are  no  great  differences  between 
these  curves. 

The  fluorescence  polarizability  was  run  in  dextrose-water  and  glycerol- 
water  solution^®  See  Fig.  7.  The  concentration  was  again  one  part  in 

10-"’.  In  the  dextrose  solutions  the  polarizability  appears  constant  over  a 
viscosity  range  of  1  to  8.  In  glycerol  solutions,  the  polarizability  follows 
a  smooth  curve  as  the  viscosity  is  varied  from  6.6  to  over  1000.  The  peak 
wavelength  of  the  excitation  curve  was  also  measured  for  the  glycerol  solu¬ 
tion.  This  is  shown  in  Fig.  8.  I  can  think  of  no  reason  why  the  polariza¬ 
bility  should  be  constant  for  the  dextrose  solutions  or  why  the  peak  excita¬ 
tion  wavelength  should  shift  so  much  with  viscosity. 

Peak  wavelengths  for  the  excitation  spectra  and  for  the  fluorescence 
spectra  are  shown  as  Figs.  9  and  10  for  solvents  of  different  polarity-’2’-^. 

In  Fig.  9  the  points  for  100%  acetone,  chloroform  and  ethylene  glycol  clearly 
fall  rather  far  from  the  straight  line  through  the  remaining  points.  The 
reason  for  this  is  that  fluorescein  is  not  completely  soluble  in  these  sol¬ 
vents.  These  three  solvents  were  not  use-i  for  Fig.  i1' .  Two  points  on  this 
curve,  DM  SO  and  Dimethyl  Forr.iie,  are  at  very  long  va-  elenghts .  the  color  of 


these  solutions  is  very  orange  compared  to  the  others.  It  may  be  that  the 
true  curve  should  be  much  steeper  than  I  have  drawn  it. 

We  have  a  limited  amount  of  fluorescence  data  taken  on  solutions  of 
fluorescein  in  whole  blood^®.  This  data  was  taken  in  1974  on  a  study  of 
fluorescent  dyes.  The  fluorescence  emission  spectra,  Fig.  11,  the  fluores¬ 
cence  excitation  spectra,  Fig.  12,  and  the  intensity  as  a  function  of  concen¬ 
tration,  Fig.  13,  were  taken  in  lOOp  thick  cells,  with  frontal  illumination. 

4)  Computer  Program 

All  of  our  animal  data  collection,  computations  and  data  output  are  done 
using  a  Hewlett-Packard  9845  B  computer.  The  polarizers  and  the  interference 
monochromater  are  rotated  by  stepping  motors.  These  motors  are  indexed  by 
pulse  output  signals  from  the  computer. 

A  program  has  been  written  that  automatically  records  data  and  rotates 
the  stepping  motors.  The  program  pauses,  and  alerts  the  operator,  when 
filters,  mirrors,  or  polarizers  need  to  be  changed.  This  data  collection 
system  is  only  semi-automatic  but  is  quite  adequate  for  our  research  purposes. 

5)  Animal  Data 

The  next  twelve  figures  (Figs.  14  thru  25)  show  part  of  a  data  run  for  a 
normal  monkey.  Fig.  14  is  data  retrieved  from  storage  on  the  excitation 
spectra  of  liuorescein  in  water  and  the  transmission  correction  factor.  Fig. 
15  is  the  stored  data  of  the  PMT  output  for  the  reflection  spectra  for  the 
artificial  eye.  If  this  initial  data  is  not  satisfactory,  it  can  be  rerun 
before  any  animal  data  is  taken. 

Before  the  dye  injection  is  given  the  animal  is  sedated  with  Ketamine  and 
anesthsized  with  Halothane.  A  contact  lens  is  placed  over  the  eye  to  prevent 
drying.  The  animal  is  placed  in  front  of  the  camera  and  properly  posi¬ 
tioned.  The  retinal  reflection  spectra  is  taken  to  be  used  as  a  referenece 
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spectra.  See  Fig.  16.  Before  the  dye  is  injected  the  computer  is  instructed 
as  to  the  number  of  data  runs  to  be  taken  and  the  starting  time  for  each 
run.  As  seen  in  Fig.  16  the  starting  time  for  the  first  data  run  was  7 
minutes  after  injection.  The  starting  time  for  the  second  data  run  was  22 
minutes  after  injection.  Data  from  the  second  data  run  will  be  shown  in  the 
next  several  figures.  The  first  set  of  data  taken  after  the  injection  of 
fluorescein  is  the  retinal  reflection  spectra.  This  reflection  data  is  com¬ 
pared  with  the  pre-injection  data  and  the  integrated  difference  from  425  to 
500  nm  is  computed.  See  Fig.  17. 

The  fluorescence  emission  soectra  is  then  measured,  Fig.  18.  The  inte¬ 
grated  fluorescence  Intensity  (510  to  650  nm)  is  computed  and  compared  to  the 
integrated  absorption.  This  is  labeled  on  the  bottom  of  Fig.  17  as  the 
Quantum  Efficiency.  It  is  not  the  quantum  efficiency,  it  is  only  a  relative 
measure  of  fluorescence  efficiency.  The  decrease  in  reflected  light  before 
and  after  the  dye  injection  is  a  measure  of  the  light  absorbed  by  the  fluores¬ 
cein  and  the  integrated  fluorescence  emission  is  a  measure  of  emitted 
intensity. 

The  excitation  polarizability  spectra  and  excitation  fluorescence  spectra 
are  recorded  next.  Figs.  19  and  20.  The  average  polarizability  and  the  inte¬ 
grated  excitation  spectra  are  computed  and  recorded.  The  finish  time  shown  in 
Fig.  20  as  the  third  line  down  from  the  top  is  0  days,  0  hours,  33  minutes  and 
54.9  seconds  after  injection,  the  starting  time  for  this  run  was  22  minutes. 

The  difference  in  spectra  between  the  excitation  spectra  of  water  and  the 
excitation  spectra  from  the  animal  retina  is  shown  as  the  top  graph  in  Fig. 

21.  The  lower  graph  is  the  difference  in  the  excitation  spectra  recorded  in 


the  first  and  second  run  in  this  series.  The  top  difference  spectrum  is  be¬ 
tween  normalized  data  while  the  lower  spectrum  refers  to  the  actual  data 
difference.  Difference  spectra  are  powerful  methods  to  detect  changes. 

After  all  the  runs  in  a  series  are  completed  several  sets  of  data  are 
plotted  as  a  function  of  finish  time.  This  is  shown  in  Figs.  22  through  25. 

Fig.  22  -  Top  -  Log  of  integrated  excitation  spectra. 

Bottom  -  Rate  of  change  of  Integrated  excitation  spectra. 

As  can  be  seen,  this  graph  is  incorrectly  done. 

Fig.  23  -  Top  -  Average  Excitation  Polarization.  The  time  is  not 

plotted  under  all  spectra,  all  time  scales  are  as 
Indicated  here. 

Bottom  -  Integrated  fluorescence  intensity. 

Fig.  24  -  Top  -  Integrated  absorption. 

Bottom  -  Fluorescence  polarization  (average  value). 

Fig.  25  -  Top  -  Fluorescence  Efficiency. 

Discussion  of  Results 
1)  Excitation  Spectra^ * 

The  excitation  spectra  is  influenced  by  the  conditions  imposed  on  the 
ground  state  of  the  molecule,  usually  pH  and  polarity  are  the  most  influ¬ 
ential.  In  water,  we  find  the  peak  excitation  wavelength  to  be  503  nm,  and  in 
the  monkey  retina  to  be  492  nm,  a  shift  of  9  nm.  The  shapes  of  these  excita¬ 
tion  curves  are  also  quite  different,  the  water  solution  spectra  is  much 
flatter.  The  shape  difference  is  not  difficult  to  understand  since  the 
absorption  spectra  of  most  retinal  absorbers  varies  significantly  in  this 
spectral  region.  The  peak  wavelength  is  consistent  with  a  local  pH  of  7  and  a 
concentration  of  one  part  in  10^. 
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2)  Emission  Spectra 

The  emission  spectra  is  influenced  by  conditions  imposed  on  the  excited 
state  of  the  molecule.  It  shoulc  be  remembered  that  in  the  excited  state  the 
electronic  configuration  can  be  much  different  than  in  the  ground  state  and  it 
is  not  initially  in  an  equilibrium  configuration.  The  local  polarity  often 
determines  the  peak  emission  wavelength.  Our  animal  data  indicates  a  peak 
wavelength  of  530  nm,  the  same  as  found  for  a  blood-fluorescein  solution  and 
considerably  longer  than  488  nm  which  is  usually  given  for  a  water  fluorescein 
solution,  see  Fig.  26.  If  the  local  polarity  is  about  80,  this  would  account 
for  the  wavelength  shift.  The  shapes  of  the  emission  curve  in  water  or  in  the 
retina  appear  similar.  I  would  have  expected  a  greater  fluorescence  near  640- 
650  nm  if  there  was  any  significant  triplet  3tate  population^. 

3)  Fluorescence  Intensity 

The  fluorescence  intensity  is  controlled  by  polarity,  pH  and  molecular 
binding  sites.  Since  the  pH  is  probably  around  7,  the  maximum  intensity  might 
be  expected.  In  blood  the  intensity  is  lower  than  in  water  by  over  a  factor 
of  2.  This  would  indicate  a  large  binding  site  influence,  expecially  since  a 
large  fraction  of  the  dye  is  not  bound. 

4)  Quantum  Yield 

The  quantum  efficiency  is  determined  not  only  by  the  intrinsic  efficiency 
but  also  by  any  packing  constraints  or  by  changes  in  the  geometry  of  the  upper 
state  during  the  period  that  the  fluorescent  molecule  is  excited.  We  do  not 
measure  quantum  efficiency,  we  only  measure  the  ratio  of  the  integrated  inten¬ 
sity  to  the  integrated  increase  in  absorption.  Fig.  25  shows  values  of  this 
ratio  plotted  at  approximately  10,  25  and  40  minutes  after  injection.  This 
curve  might  be  interpreted  by  a  change  in  the  packing  constraints  with  time. 

If  the  dye  molecules  come  very  close  together,  dye  :omp.lexes,  called  dimers, 


can  be  formed.  These  dimers  have  low  quantum  yields.  This  is  the  reason 
usually  given  for  the  fall  off  in  fluorescence  intensity  when  a  dye  is  in  a 
very  concentrated  state. 

5)  Overlap  Integral 

The  overlap  integral  is  the  integral  over  the  area  where  the  excitation 
and  emission  spectra  are  not  separated.  This  value  is  influenced  by  both  the 
viscosity  of  the  medium  but  more  so  by  any  intersystem  crossing  that  occurs  in 
the  excited  state.  In  water  solution,  see  Fig.  26,  the  separation  of  the  peak 
intensity  of  the  excitation  and  fluorescence  spectra  is  only  8  mm;  this  sepa¬ 
ration  is  closely  related  to  the  overlap  integral.  Our  animal  data  shows  a 
peak  separation  of  38  nm.  This  separation  would  indicate  at  least  a  moderate 
to  large  amount  of  Intersystem  crossing  and  hence  a  relatively  large  number  of 
molecules  being  transferred  to  the  triplet  state.  The  lack  of  any  triplet 
state  emission  spectra  shows  that  the  triplet  state  is  being  quenched,  proba¬ 
bly  by  oxygen. 

6)  Polarizability 

The  fluorescence  polarizability  is  determined  by  viscosity.  For  bound 
dye  molecules  the  size,  shape  and  flexibility  of  the  molecule  that  is  attached 
to  the  dye  determines  the  polarizability.  We  measure  the  fluorescence  polar¬ 
izability  in  a  monkey  retina  to  be  9.6  for  excitation  and  8.8  for  emission,  an 
average  of  about  9.  This  corresponds  to  a  viscosity  of  9.6. 

Dandliker^* has  derived  an  equation  relating  the  polarizability  to  the 
ratio  of  bound  versus  free  dye. 


where  c^/Cf  is  Che  racio  of  bound  Co  free  dye,  If/I^  is  Che  incensicy  racio 
for  free  versus  bound  dye,  p  Che  measured  polarizabilicy,  Pf  Che  polariza- 
biliCy  of  free  dye  and  p^  Che  polarizabilicy  of  bound  dye.  pf  is  approxi- 
maCely  0.02  and  p^  probably  0.33,  see  Fig.  7.  If/lfe  is  2.2  as  measured  by 
Brubaker  for  dye  bound  Co  human  plasma.  Insercing  chese  values  we  find  chac 
Cc/Cf  is  0.64,  CbaC  is  60%  of  Che  dye  is  free  and  30%  is  bound.  Our  measured 
value  of  polarizabilicy  may  be  somewhac  low  due  Co  lighc  scaCCer  buc  is  proba 
bly  noc  in  error  by  more  Chan  10%.  IC  is  usually  accepCed  chac  a  large 
fracCion  of  fluorescein  is  bound  in  a  blood  soluCion,  as  much  as  80  Co  90%. 

If  Chis  same  racio  held  Crue  in  Che  recina,  we  would  have  measured  a  polariza 
biliCy  of  0.22.  IC  seems  very  unlikely  chac  we  are  In  error  by  Chis  amount; 
therefore,  we  must  conclude  Chat  Che  amount  of  free  dye  in  Che  recina  is  much 
higher  chan  it  is  in  a  blood  solution. 

Brubaker4®  has  measured  the  unbound  fraction  of  dye  In  plasma  as  a 
function  of  dye  concentration.  His  data  is  shown  as  Fig.  27.  At  a  concentra 
tion  of  10-4  the  unbound  fracCion  is  over  50%.  Our  determination  may  not  be 
too  much  in  error. 

7)  Lifetime  of  Che  Excited  State 

The  lifetime  of  the  excited  state,  measured  by  the  fluorescence  decay 
time  Is  determined  by  the  intrinsic  fluorescence  lifetime  and  by  any  triplet 
state  interactions,  usually  triplet  state  quenching  reactions.  Parker1  has 
derived  an  expression  for  the  quenching  of  fluorescence  due  to  oxygen. 

Percent  Quenching  ■  100  (l  - 

where 


X-  is  the  rate  constant  for  quenching  of  dye  molecules  by  cxygen.  K«  is 
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usually  about  5*  the  diffusion  rate  constant,  Kc.  S  is  the  solubility  and  p(>2 
the  partial  pressure  of  oxygen.  Tq  is  the  intrinsic  dye  decay  time. 

A  change  is  quenching  results  from  a  change  in  p02  for  systems  with 
constant  Kq  and  S.  In  a  water-fluorescein  solution: 

Kq  ■  2x10*®  liter  mole-*  sec-* 

S  *  SxlO-"*  mole  liter-*  atm* 

T  «  10-8  sec 

PO2  can  readily  be  determined  if  it  lies  in  the  range  of  0  to  2  atm.  S  is 
likely  to  be  much  different  in  blood  and  the  value  of  Kq  is  not  well  known. 
Since  we  have  no  data  as  yet  on  decay  times,  we  do  not  know  if  fluorescein 
will  prove  to  be  a  useful  dye  for  oxygen  partial  pressure  measurements  in  the 
retina;  however,  other  dyes  such  as  pyrenes  (tQ  »  10-8)  or  eosln  (Tq, 
phosphoresence,  «  10-8)  offer  a  wide  range  of  possibilities. 

8)  Lifetime  Dependent  Measurements  of  Decay  Time,  Spectra  and  Polarizability 
These  quantities  together  with  those  mentioned  above  enable  solutions  to 

be  found  for  the  rate  equations  of  energy  transfer^8.  These  solutions  enable 
dye  binding  site  separations  and  the  separation  of  energy  states  to  be  calcu¬ 
lated.  These  types  of  measurements  and  calculations  are  only  in  the  early 
planning  stages  at  the  present  time. 

9)  Polarizability  Spectra 

Changes  in  polarizability  with  wavelengths  indicate  overlapping  elec¬ 
tronic  transitions  and  can  Indicate  multiple  binding  sites.  Our  polarization 
excitation  spectra  for  the  retina  show  a  significantly  increased  value  at  the 
longer  wavelengths.  We  do  not  have  sufficient  data  to  interrupt  this  in  any 
meaningful  way. 
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Retinal  Reflectivity 

Objective 

The  objectives  of  this  project  are  to  document  the  progression  of  laser 
induced  retinal  damage,  to  determine  the  optimum  wavelength  for  the  detection 
by  photographic  methods  of  laser  retinal  damage  and  to  aid  in  the  determi¬ 
nation  of  the  mechanisms  of  laser  induced  retinal  changes. 

D.J.  Lund1  has  shown  that  the  visibility  of  infra-red  laser  retinal 
burns  changes  dramatically  as  the  post  Irradiation  time  is  Increased  from 
immediately  after  the  laser  irradiation  to  one  year  later.  At  short  times 
after  the  irradiation  the  laser  burns  are  most  easily  seen  in  photographs 
taken  with  monochromatic  light  photographs  using  wavelengths  in  the  blue 
or  green  spectrum.  As  time  progresses  the  burns  are  more  readily  seen  at 
longer  wavelengths.  After  the  burns  are  one  year  old  they  are  invisible 
in  blue  or  green  monochromatic  photographs,  can  barely  be  seen  with  red  light 
photographs  but  are  easily  seen  in  photographs  taken  in  the  near  in¬ 

frared  around  800  to  850  nm. 

2  3  4  5 

Kornup  ,  Behrendt  *  and  Delorl  have  advocated  the  use  of  variable 
wavelength  examination  of  the  retina  with  monochromatic  light.  Different 
retinal  layers  are  most  easily  seen  at  a  specific  wavelength.  The  wavelengths 
they  have  used  have  extended  from  400  to  700  nm.  Monkey  retinas  have  been 
photographed  to  longer  wavelengths ,  beyond  900  nm  by  Hochheimer  As  the  wave¬ 
length  increases  deeper  layers  of  the  retina  become  visible  because  retinal 
pigments  and  blood  become  more  transparent. 

It  should  be  possible  to  determine  what  retinal  layers  are  initially 
damaged  and  the  changes  in  damage  that  occur  with  time  if  the  changes  in 
spectral  reflectivity  of  the  damaged  retinal  area  is  precisely  known  as  a 
function  of  time  after  the  damage  occurs.  Changes  in  retinal  reflectivity 


during  and  Immediately  after  the  time  when  the  laser  beam  Irradiates  the 
retina  will  provide  some  knowledge  of  what  Is  occurlng  In  the  retina  when 
It  Is  being  damaged  by  a  laser. 

We  also  wish  to  objectively  document,  and  if  possible  determine  the 
origin  of  the  retinal  "clouding"  effect  reported  by  Beatrice  and  Lund7  that 
is  seen  when  the  retina  is  irradiated  with  an  infra-red  laser  at  low  levels. 

Background 

Accurate  measurement  of  retinal  reflectivity  is  not  easily  accomplished. 
In  the  section  of  this  report  on  scattered  light,  the  published  data  for 
several  Investigators  is  given.  These  published  results  vary  over  wide 
ranges,  they  are  highly  dependent  on  the  method  chosen  as  well  as  the  animal 
species  used.  Our  first  measurements^  are  probably  as  bad  as  anyone  elses. 

In  addition  to  the  problems  associated  with  scattered  light  our  first 
reflectance  measurements  were  made  using  photographic  techniques.  The 
photographic  process,  under  the  very  best  conditions.  Is  not  well  adapted 
to  accurate  measurements  of  light  Intensity.  The  photographic  process  Is 
non-linear  and  has  only  a  low  dynamic  range.  Very  minor  changes  In  processing 
can  induce  large  variations  in  the  results.  If  the  spatial  information  that 
is  available  with  retinal  photography  is  not  important  than  photometric  tech¬ 
niques  are  much  superior  for  the  determinates  of  retinal  reflectivity. 

For  documentation  of  retinal  changes  during  irradiation  we  first  used 
16  mm  photography.  The  resolution  was  poor  and  the  intermittent  spacing  of 
the  photographs  combined  with  the  intermittent  retinal  exposures  to  the  pulsed 
YAG  laser  caused  innumerable  interpretational  difficulties.  16  mm  photography 
could  not  be  used  in  the  near  infrared  because  of  low  film  sensitivity. 
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A  silicon  diode  television  earner*  was  used  to  record  near  infrared 
retinal  pictures,  the  results  were  unacceptable  because  of  poor  resolution 
and  low  dynamic  range.  35  ton  film  recording  was  used,  again  the  results 
were  disappointing.  Time  exposures  were  necessary  to  record  data  during 
laser  exposure  and  resolution  was  poor  due  to  saccadic  eye  movements.  An 
analysis  indicated  that  photometric  measurements,  similar  to  that  useful  for  measure¬ 
ments  of  retinal  reflectivity,  should  be  a  big  improvement  over  photography 
for  documentation  during  the  exposure  of  the  retina  to  the  laser  beam. 

Our  first  attempt  at  the  use  of  white  light,  a  monochrometer  and  a 
photomultiplier  to  measure  retinal  reflectivity  was  also  unsuccessful. 

We  realized  that  if  scattered  light  was  to  be  minimized  that  only  a  small 
area  of  the  retina  should  be  illuminated.  Apertures  were  inserted  at 
appropriate  retinal  conjugates  in  our  fundus  camera  to  limit  the  illuminated 
retinal  area.  This  area  was  relmaged  by  the  fundus  camera  to  a  small  aperture 
that  was  relmaged  onto  the  slits  of  a  small  grating  monochrometer  and  photo¬ 
multiplier.  The  photomultiplier  signal  was  amplified  with  a  d.c.  amplifier. 

The  monochrometer  was  activated  by  a  computer  which  recorded,  analyzed  and 
output ed  the  data. 

The  light  input  optics  on  the  Zeiss  fundus  camera  were  designed  to 
flood  a  30*  field  of  the  retina  uniformly  with  light.  Our  aperture  size 
was  less  than  100  microns  (referred  to  the  retina)  and  exhibited  a  large 
amount  of  color  fringing  due  to  chromatic  aberration.  The  lateral  chromatic 
aberration  was  estimated  to  be  in  excess  of  50  microns. 

The  grating  monochrometer  was  very  slow,  a  spectrum  cook  almost  five 
minutes  to  record.  The  resolution,  approximately  10  tun  was  more  than  adequate. 


The  retinal  image  was  apertured  to  accept  energy  from  the  illuminated 
area,  it  was  only  slightly  larger  than  this  area.  It  was  presumed  to  be 
centered  over  the  illuminating  area  by  moving  the  input  light  aperture  until 
a  signal  maximum  was  obtained.  We  did  not  know  the  exact  location  of  the 
retinal  image  aperture. 

The  d  c  amplifier  had  some  drift  that  caused  inaccuracies  at  the  lower 
signal  levels.  The  A/D  converter  was  an  8  bit  converter  and  while  this  was 
perfectly  adequate  at  high  signal  levels,  it  did  lack  the  necessary  dynamic 
range. 

Even  with  all  of  these  limitations  we  did  show  that  it  is  possible  to 
obtain  photometrldy  useful,  if  not  particularly  accurate,  spectral  reflec¬ 
tivities  for  small  retinal  areas.  This  initial  configuration  also  defined 
what  Improvements  were  necessary  to  obtain  the  desired  accuracy. 

Equipment  Modifications 

The  light  input  system  optics  in  a  Zeiss  camera  consists  of  three  groups 
of  lenses.  We  removed  entirely  the  flash  lamp  condensing  system  since  this 
is  not  needed  for  our  application.  The  next  two  lens  groups  were  replaced 
with  high  quality  photographic  objectives,  each  lens  is  separately  aberration 
corrected.  A  small  area  of  the  retina  can  now  be  illuminated  with  the  only 
remaining  detectable  aberrations  being  those  of  the  eye  itself.  For  the 
visible  spectral  region  this  should  be  less  than  a  few  microns. 

We  can  lllimlnate  an  area  of  the  retina  as  small  as  fifty  microns. 

This  reduces  internal  light  scatter  in  the  eye  to  a  small  value  if  only  a 
small  retinal  area  is  measured.  Suitable  baffels  and  stray  light  stops  were 
incorporated  both  in  the  input  light  system  and  in  the  collection  light  system 
to  eliminate  any  external  optical  system  stray  light.  (See  the  section  on 


scattered  light  In  the  eye). 

The  retinal  area  to  be  measured  can  be  examined  by  a  low  power  microscope 
that  views  the  retinal  Image.  We  are  now  absolutely  certain  as  to  the  retinal 
area  being  measured. 

The  grating  monochrometer  was  replaced  with  a  rotating  interference 
monochrometer.  This  is  a  continuously  variable  Interference  filter  arranged 
as  a  circular  annulus  on  a  glass  plate  backing.  This  variable  Interference 
filter  Is  arranged  in  two  halves.  One  half  circle  transmits  from  400  at  one  radius 
to  700  at  the  opposite  radius.  The  other  half  circle  goes  from  700  to 

1300  nm.  This  monochrometer  is  driven  by  a  stepper  motor  (400  steps  per 
revolution)  at  speeds  up  to  ten  revolutions  per  second.  A  complete  spectrum 
can  be  obtained  at  speeds  only  limited  by  the  time  constants  necessary  to 
obtain  a  suitable  signal  to  noise  ratio  In  the  output.  The  stepper  motor  can 
be  either  allowed  to  free  run  under  with  own  power  supply  or  else  it  Is  con¬ 
trolled  by  a  computer. 

When  this  system  was  first  tried  we  used  a  Princeton  Applied  Research 
signal  averager  to  record  the  spectral  output  from  the  retina  and  from  a  grey 
artificial  eye  retina.  The  ratio  of  these  two  spectra  supplies  the  retinal 
reflectivity,  the  ratio  is  automatically  computed  by  the  signal  averager. 

The  signal  averager  output  is  to  an  X-Y  recorder,  this  recording  takes  almost 
two  minute  and  limits  the  time  between  spectral  runs.  The  signal  averages 
has  a  digital  output  that  Is  In  a  20  bit  parallel,  word  serial  format. This 
Is  not  compatible  with  our  computer  Input. 


We  now  have  a  6  1/2  digit  voltmeter  that  has  acquisition  rates  orders 
of  magnitude  greater  than  we  utilize.  It  Is  directly  linked  to  the  computer 
via  a  488  bus  line.  The  voltmeter  can  be  configured  by  the  computer,  it  will 
internally  store  up  to  100  data  points  that  can  be  sent  to  the  computer  In  a 
few  milliseconds.  Voltage  readings  are  triggered  by  the  computer.  With  6  1/2 
digits  available  both  large  and  small  signal  levels  are  conveniently  handled 
without  even  using  the  automatic  ranging  capabilities  of  the  voltmeter. 

Initial  Data 

In  September  1982,  a  cynomolgus  monkey  retina  was  Irradiated  with  a 
YAG  laser  and  an  easily  visible  lesion  formed.  The  spectral  reflectivity 
of  this  area  was  measured  one  hour  after  lrriadlation  and  again  in  October 
and  November.  These  curves,  along  with  those  from  a  non- Irradiated  area 
adjacent  to  the  burned  area,  are  shown  as  Fig.  1.  This  data  was  taken  using 
the  signal  averager,  each  curve  Is  the  average  of  20  individual  sets  of  data. 
Each  set  took  less  than  one  second  and  after  an  average  of  4  data  sets  there 
was  no  detectable  change  in  the  averaged  signal. 

This  data  was  taken  before  our  digital  voltmeter  was  acquired.  Since 
then,  retinal  reflectivity  curves  have  been  taken  utilizing  the  computer  and 
voltmeter.  Examples  of  these  are  given  in  the  fluorescence  section  of  this 
report . 

We  now  have  the  necessary  system  to  record  accurate  retinal  spectral 
reflectivity  curves  over  defined  (and  known)  retinal  areas.  Scattered  light 
and  optical  aberrations  have  been  reduced  to  a  level  well  below  our  recording 
accuracy  at  least  for  the  400  to  700  nm  spectral  region.  We  can  record 


to  850  nm,  this  is  limited  by  the  photomultiplier  long  wavelength  response. 
The  long  wavelength  accuracy  will  be  limited  by  chromatic  aberration  and 
scattering  to  a  value  that  is  presently  indeterminate. 

Future  Tests 

Monkeys  will  have  their  retinas  irradiated  with  a  pulsed  YAG  laser. 
Spectral  reflectivity  curves  will  be  recorded  during  and  after  exposure. 

At  weekly  Intervals  for  several  months,  then  at  monthly  intervals,  data 
will  also  be  recorded.  A  program  for  this  series  of  tests  has  been  given  in 
our  proposal  for  1983/84. 
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Hematoporphyrln  Dye  Studies 

Introduction 

The  work  of  Ham* ,  Sperling2  and  Lawulll'*  show  that  there  can  be  non- 
thermal  light  induced  retinal  eye  damage.  This  usually  termed  photochemical 
damage  although  there  is  known  damage  mechanism^.  Since  there  is  reported 

evidence  for  second  harmonic  generation  of  light  in  the  eye^*^  and  specif i- 

7  ft 

cally  in  the  cornea  we  measured  the  efficiency  in  the  rabbit  cornea0  and 

found  a  conversion  value  too  low  to  be  of  any  concern  for  damage  to  the 

retina.  Another  possibility  for  a  mechanism  for  photochemical  retinal  light 

o 

damage  is  the  generation  of  singlet  oxygen  or  peroxide  radicals7. 

Oxygen  absorption  bands  occur  at  the  YAG  and  gallium  arsenide  laser 
wavelength*®  and  Lund's**  data  on  retinal  damage  thresholds  in  the  red  and 
near  Infrared  show  a  reduced  value  near  the  2 -0  oxygen  absorption  band. 

It  is  possible  to  raise  oxygen  to  the  excited  singlet  state  by  laser 
irradiation  without  the  use  of  any  dye.  The  1-0  vibrational  absorption  band 
in  oxygen  is  quite  broad  with  a  peak  value  nearly  coincident  with  the  1.06 
micron  YAG  laser  emission  line  (10).  Oxygen  irradiation  with  the  YAG  laser 
has  already  been  shown  to  produce  significant  quantities  of  singlet  oxygen 
02  (*Ag)*^.  Parker*^  has  used  YAG  laser  Irradiation  to  reduce  coliform 
count  in  water  and  Frank*^  has  reported  the  successful  treatment  of  bladder 
tumors  with  the  YAG  laser.  In  order  to  test  for  the  possibility  of  singlet 
oxygen  production  by  light  in  the  retina  we  have  tried  several  Indirect 
approaches.  Glutathione  is  a  known  singlet  oxygen  quencher  and  is  normally 
present  at  low  levels  in  the  retina*^.  We  subjected  a  monkey  retina  to  low 
levels  of  white  light  for  periods  of  20,  10,  5  and  2-1/2  minutes.  The  20 
minute  exposure  showed  extensive  retinal  involvement  while  the  5  and  2-1/2 


mlnuCe  exposure  shoved  no  visible  Indication  of  change  by  either  visible 
examination  or  by  fluorescein  angiography.  The  monkey  was  then  given  massive 
doses  of  glutathione,  1  gram  per  kilogram  of  body  weight,  every  day  for  five 
consectuve  days  and  then  we  irradiated  the  other  retina  in  the  same  manner  as 
the  first  one.  There  was  no  change  in  the  appearance  of  damage,  the  20  and  10 
minute  exposures  produced  damage  and  the  5  and  2-1/2  minute  exposures  did 
not.  We  do  not  know  if  the  retinal  levels  of  glutathione  were  increased  so 
that  this  experiment  was  inconclusive. 

Dougherty18 » has  shown  that  when  hematoporphyrln  dihydrochloride  is 
intravenously  injected  it  will  preferentially  accumulate  in  tumor  cells.  If 
the  tumors  are  irradiated  with  red  light  the  tumor  is  killed.  Experiments 
were  performed  that  indicated  that  the  interaction  of  light  and  hematopor¬ 
phyrln  produced  singlet  oxygen  and  that  the  singlet  oxygen  destroyed  the  tumor 
cells.  Although  the  hematoporphyrln  is  preferentially  absorbed  by  tumor  cells 
it  also  accumulates  in  all  body  tissues18.  If  the  interaction  of  light  and 
hematoporphyrln  does  indeed  produce  singlet  oxygen  this  reaction  should  mimic 
light  induced  retinal  photochemical  damage  of  the  photochemical  damage  is  due 
to  singlet  oxygen.  Several  experiments  were  carried  out  to  test  this 
hypothesis. 

It  is  interesting  to  note  that  Dougherty's18  early  experiments  were 
carried  out  using  fluorescein  dye.  While  not  as  efficient  as  hematoporphyrln 
the  same  results  were  found,  tumors  were  killed  by  the  interaction  of  light 
with  fluorescein  dye. 

Rabbit  Experiments 

rabbit  carcinoma1^  was  implanted  in  rabbit  corneas  and  allowed  to  grow 


and  become  vascularized.  The  rabbit  was  given  an  intravenous  injection  of 
hematoporphyrln  dye  and  the  next  day  the  cornea  was  Irradiated  with  a  helium 


neon  (632.8  nm)  laser.  The  entire  eye  suffered  massive  damage.  Including 
gross  retinal  detachment.  The  tumors  however  were  not  completely  destroyed, 
only  partially  so. 

Another  rabbit  had  one  retina  exposed  to  a  ReNe  laser  in  order  to  find 
the  level  needed  to  produce  an  easily  visible  lesion.  At  one  half  the  level 
needed  to  produce  this  lesion  no  visible  lesions  were  formed.  The  lesion  size 
on  the  retina  was  very  small,  certainly  less  than  50  microns.  The  rabbit  was 
then  Injected  with  hema to porphyrin  dye  and  after  one  hour  the  other  retina  was 
irradiated  with  the  HeNe  laser  at  a  dose  one  tenth  of  that  needed  to  produce  a 
visible  lesion  in  the  first  retina.  The  hematoporphyrln-laser  energy 
combination  produced  lesions  in  the  rabbit  retina  more  than  ten  times  the 
diameter  of  the  lesion  produced  by  the  laser  without  the  hema to porphyrin. 

Another  rabbit  was  given  an  injection  of  hematoporphyrin  and  its  retina 
irradiated  ten  times  with  a  HeNe  laser.  For  each  of  these  irradiations  the 
product  of  laser  power  and  irradiation  time  was  kept  constant.  The  time  was 
varied  from  10  to  2400  seconds.  Visible  lesions  were  produced  only  at  the 
intermediate  times.  The  short,  less  than  40  sec,  and  long,  greater  than  600 
sec,  exposures  produced  no  visible  damage. 

These  rabbit  experiments  were  reported  last  year,  they  are  briefly 
reported  here  for  a  better  understanding  of  our  cell  culture  studies. 

Cell  Culture  Experiments 

Confluent  cultures  of  rabbit  Greene  melanoma  cells  20  were  grown  in  3.5 
cm^  dishes  in  RPMI  1640  with  10%  fetal  calf  serum,  200  u/ml  Penicillin  G  and 
200  ug/ml  Streptomycin  Sulfate.  150  g  of  hematoporphyrin  derivative  was  added 


per  ml  of  media.  After  one  hour  of  incubation  in  the  dark  at  37°C  with  5% 
CO2,  the  media  was  removed,  the  monolayers  washed  two  times  with  basic  salt 
solution  and  then  fresh  RPMI  1640  was  added.  The  cultures  were  kept  in  the 
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dark  through  the  entire  experiment.  After  one  hour  incubation  In  fresh  media 
the  cultures  were  irradiated  with  a  10  mm  diameter  beam,  20  mW  power,  from  a 
Helium-Neon  laser.  The  Irradiation  times  were  as  follows:  1)  15  sec.;  2)  30 
sec.;  3)  1  min.;  4)  3  min.;  5)  5  min.;  6)  7.5  min.;  7)  10  min.;  8)  15  min.;  9) 
20  min. 

After  irradiation  the  cultures  were  incubated  for  one  hour,  then  fixed  in 
gluteraldehyde  paraformaldehyde  overnight.  The  cells  were  then  dehydrated  in 
methanol  and  stained  with  Wright' s-Giemsa. 

Fig.  1  is  a  photograph  of  the  3.5  cm^  dishes  after  irradiation.  Note 
that  there  is  an  ever  increasing  diameter  of  killed  cells.  The  dead  cell  area 
in  the  3  min.  exposure  is  one  cm  in  diameter,  the  irradiated  area.  Although 
it  cannot  be  fully  appreciated  in  these  pictures  there  is  a  rather  clear  ring 
area  surrounding  the  irradiated  area  and  in  this  area  the  cell  kill  is  100% 
while  inside  the  ring  the  cell  kill  is  usually  less  than  100%.  This  ring 
diameter  increases  with  Increasing  radiation  time  until  at  20  minutes  it  is 
almost  1.5  cm  diameter. 

Discussion 

•y 

Thome-  et  al  have  suggested  that  tumors  are  destroyed  by  the  dye- 
lrradlatlon  technique  by  oxygen  starvation  (anoxia)  and  not  by  singlet  oxygen 
damage.  His  argument  is  based  on  the  assumption  that  each  photon  absorbed  by 
the  dye  will  remove  one  molecule  of  oxygen  from  the  tissue,  if  oxygen  input 
to  tissue  is  at  a  rate  of  2.8  x  10”®  moles/sec  for  each  gram  of  tissue  and  if 
600  nm  photons  are  used  at  a  rate  necessary  to  consume  this  amount  of  oxygen, 
then  the  power  required  is  only  0.55  mW/gram  of  tissue.  These  assumptions  are 
overly  simplified.  All  the  input  energy  is  not  absorbed  by  the  dye,  not  every 
absorbed  photon  produces  one  singlet  oxygen  molecule,  and  some  singlet  oxygen 
molecules  will  decay  to  normal  oxygen  rather  than  be  lost  in  a  reaction.  On 
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the  other  hand,  complete  loss  of  all  oxygen  is  not  necessary  for  cell  death, 
it  is  only  necessary  to  remove  sufficient  oxygen  so  that  cells  are  asphyxi¬ 
ated. 

Zemel  and  Hoffman^  have  investigated  triplet  energy  transfers  in 
hematoporphyrin  and  they  conclude  that,  in  a  closed  porphyrin  -  O2  system,  all 
of  the  C>2  can  be  consumed  by  singlet  oxygen  production  and  then  the  subsequent 
reaction  of  singlet  oxygen  and  porphyrin.  They  point  out  that  this  is  the 
reason  for  the  destruction  of  porphyrin  not  stored  in  the  dark.  Porphyrin 
stored  under  anaerobic  condition,  O2  replaced  by  ^  in  the  solution,  does  not 
decay  even  under  fairly  intense  illumination. 

Consider  some  of  the  possible  reactions  that  might  occur  as  a  result  of 
the  interaction  of  a  dye  molecule  and  light.  (Table  I).  Equation  1  and  2  are 
the  normal  dye  excitation  and  fluorescence.  Equation  3  is  the  triplet 
excitation  of  the  dye  molecule.  Singlet  oxygen  is  produced  by  interaction  of 
the  dye  molecule  in  the  triplet  state  and  a  ground  state  oxygen  molec;4«\» 
Equation  4.  The  dye  molecule  itself  can  interact  with  oxygen,  Equation  8  and 
9,  to  consume  oxygen.  These  are  the  usual  dye  decomposition  steps.  The 
addition  of  an  oxygen  quencher  can  remove  oxygen  by  Equation  5  to  prevent  the 
quenching  of  singlet  oxygen  with  the  oxygen  bound  to  the  quencher  and  Equation 
7  is  the  quenching  with  the  release  of  free  oxygen.  There  are  other  possible 
reactions  and  also  possible  intermediate  steps  that  are  ignored  in  this 
discussion.  They  may,  however,  be  very  important  in  any  real  reaction 
situation. 

Steps  5,  6,  8  and  9  all  remove  oxygen  from  the  system.  Step  6  is  the 
singlet  oxygen  interaction  which  is  presumed  to  cause  tissue  destruction.  A 
quencher  csn  stop  the  formation  of  singlet  oxygen  by  using  up  some  of  the 
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available  oxygen.  Step  S,  or  it  can  combine  with  singlet  oxygen.  Step  6,  to 
prevent  singlet  oxygen  damage  to  tissue. 

All  of  these  reactions  are  determined  by  rate  equations  with  often  widely 
varying  rate  constants.  These  rate  constants  can  be  affected  by  the  amount  of 
reaction  materials  present  or  can  be  affected  by  non- reacting  catalytic 
molecules.  In  most  cases,  It  Is  Impossible  to  solve  the  reaction  equations 
exactly. 

It  should  be  possible  to  determine  If  tumor  destruction  Is  due  to  anoxia 
or  singlet  oxygen.  If  due  to  singlet  oxygen.  Irradiation,  at  a  constant 
product  of  time  and  Intensity,  should  always  produce  the  same  cell  death, 
Independent  of  Intensity.  If  the  destruction  is  due  to  oxygen  deprivation, 
then  there  should  be  some  low  intensity  value  below  which  cells  will  not  die 
no  matter  what  the  irradiation  period  is. 

Welshaupt  et  al^  have  used  a  known  oxygen  quencher  (1,  3  -  diphenyliso- 
benzofuran)  along  with  hematoporphyrin  and  reported  that  the  quencher,  when 
present  in  amounts  above  1.5  x  10”^  M  intracellurlarly,  protected  cells  from 
indirect  light  damage.  Their  conclusion  was  that  it  Is  indeed  singlet  02  that 
Is  killing  cells.  It  may  be  that  the  quencher  quenched  the  hematoporphyrin 
triplets  or  caused  the  singlet  02  to  return  to  the  ground  state.  According  to 
Matheson  and  Lee, the  reaction  returning  02  to  the  ground  state  is 
competitive  with  the  consumption  of  02> 

In  the  retina  it  may  make  little  difference  if  the  singlet  02  or  anoxia 
kills  the  tumor  if  lack  of  oxygen  is  detrimental  to  tissue  adjacent  to  the 
tumor.  If  this  is  the  case,  although  a  constant  intensity-time  product  is 
needed  to  produce  singlet  02,  a  very  low  intensity  may  save  the  rest  of  the 
retina. 


Retinal  destruction  by  anoxia  should  be  a  diffusion  controlled  reac¬ 
tion.  If  oxygen  is  being  consumed  by  a  dye-light  quencher  reaction  then  the 
amount  of  oxygen  available  for  sustaining  retinal  cells  is  determined  by  the 
rate  of  oxygen  consumption.  With  short  irradiation  times  and  small  irradia¬ 
tion  areas  tissue  death  from  anoxia  would  not  be  expected  as  cells  can  exist 
for  some  short  period  without  oxygen.  For  very  long  irradiation  times  with 
very  low  light  levels,  tissue  death  from  anoxia  would  not  be  expected  to  occur 
because  enough  oxygen  can  diffuse  in  to  overcome  the  small  amount  used  up. 

For  the  rabbit  experiment  where  the  retina  was  Irradiated  at  a  constant 
intensity  x  time  product  the  irradiation  levels  and  times  are  given  in  Table 
II.  This  table  also  gives  average  diffusion  distances  assuming  a  diffusion 
rate  for  O2  of  10”^  cm^/sec.  This  rate  is  consistent  with  diffusion  rates 
with  most  liquid  with  a  viscosity  greater  than  water. 

The  distance  between  capillaries  in  a  rabbit  choroid  Is  approximately  ten 
microns,  so  that  for  times  shorter  than  ten  seconds,  diffusion  can  have  only  a 
negligible  contribution.  At  times  greater  than  1000  seconds,  oxygen  can 
diffuse  into  tissue  at  the  same  rate  it  is  consumed.  Since  the  average 
lifetime  of  *Ag  0£  is  approximately  10”^  seconds,  diffusion  of  this  species 
can  play  no  part  in  damage  as  seen  in  the  rabbit  retina. 

From  our  rabbit  experiments  it  seems  as  if  anoxia  may  be  the  cause  of 
retinal  tissue  destruction  with  irradiation  and  hemataporphyrln  and  not 
singlet  oxygen. 

Our  cell  culture  studies  are  not  as  easily  Interrupted.  The  Increase  in 
diameter  of  destruction  with  increase  in  Irradiation  time  could  be  attributed 
to  oxygen  starvation  and  controlled  by  the  rate  of  oxygen  diffusion.  The 
Increase  cell  death  in  a  ring  at  the  edge  of  the  destroyed  cells  and  the  lack 
of  complete  kill  in  the  center  seems  more  likely  to  be  caused  by  singlet 


oxygen  production.  This  also  could  be  controlled  by  the  rate  of  diffusion  of 
oxygen.  As  oxygen  diffuses  into  the  irradiated  area  it  is  converted  quickly 
to  singlet  oxygen  to  kill  cells  at  the  edge  of  the  irradiated  area.  In  the 
center  of  this  area  all  of  the  oxygen  has  been  used  up  by  conversion  to 
singlet  oxygen  and  there  is  not  a  sufficient  amount  to  kill  all  of  the  cells. 

Lund,  Adams  and  Carve r^  have  reported  on  the  effects  produced  in  the 
retina  by  irradiation  with  a  gallium  arsenide  laser.  The  predicted  retinal 
spot  configuration  was  that  of  an  elongated  rectangle  20  by  170  microns.  The 
retinal  bums  in  all  cases  were  circular  in  nature,  approximately  160w  in 
diameter  at  the  ED^q  level.  The  early  visible  lesions  were  circular  and  well- 
circumscribed,  they  were  doughnut  shaped,  central  punched-out  area  surrounded 
by  a  peripheral  ring.  Exposures  of  2X  the  EDjq  power  level  produced  lesions 
closely  resembling  the  lower  power  level  lesions  except  that  they  were  larger 
in  size,  approximately  280  microns  in  diameter.  The  wavelengths  used  for 
these  experiments  was  860  nm. 

Our  rabbit  experiments  and  especially  our  cell  culture  experiment  pro¬ 
duces  results  that  very  closely  resemble  the  gallium  arsenide  laser  bum 
experiments  of  Lund  et  al.  This  resemblance  would  suggest  that  anoxia  might 
play  some  part  in  the  retinal  damage  produced  by  the  gallium  arsenide  laser  as 
well  as  the  possibility  of  some  singlet  oxygen  effects. 

Future  Experiments 

Several  cell  culture  experiments  are  planned  for  the  neaT  future, 
hopefully  this  year. 

1.  Cell  cultures  of  various  cell  types  are  being  successfully  grown  at 


Wilraer  Institute.  These  include  endothelial  rod  outer  segments,  and  pigment 
epithelial  types.  Although  in  most  cases  the  cultured  cells  only  have  a 
resemblance  to  the  cells  grown  in  the  eye  Itself.  They  are  truly  the  desired 
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cell  types.  Hema  to  porphyrin  trill  be  incorported  In  these  cells,  they  will 
then  be  Irradiated  with  light  at  discrete  wavelenghts  with  variable  times  and 
intensities.  We  hope  to  find  the  action  spectrum  for  these  time  and 
intensities  for  the  various  cell  types.  A  comparison  can  then  be  made  with 
light  Induced  non- thermal  retinal  damage. 

2.  The  Green  melanomas  we  used  were  grown  in  a  medium  that  contained 
known  singlet  oxygen  and  oxygen  radical  quenchers  including  glutathione. 

Cells  will  be  grown  and  transferred  to  a  medium  that  does  not  contain  these 
quenching  agents. 

In  addition  to  these  cell  cultures  we  can  add  known  quenching  agents. 
Carotenoids^  and  ascorbic  acid^  are  known  quencher  of  singlet  oxygen.  It 
may  be  possible  to  choose  a  quenching  agent  with  affinity  for  only  certain 
cell  types. 

A  variety  of  cell  types  will  be  grown  with  and  without  quenchers  and 
hematoporphyrln.  There  can  be  irradiated  with  light  of  different  spectral 
composition,  times  and  intensities  to  study  the  Interactions. 

3.  We  have  tried  injected  glutathione  to  protect  the  retina  from 
photochemical  damage.  Other  quenchers  such  as  carotenoids  or  ascorbic  acid 
could  also  be  used  in  a  similar  manner.  The  uptake  of  these  substances  In  the 
retina  would  be  measured  only  if  some  effect  due  to  their  injection  occurs. 

Another  possibility  is  to  take  advantage  of  an  endogeneous  quencher  for 
singlet  oxygen,  trans-retinol  .  If  the  retina  is  photobleached  retinol  is 
converted  from  the  cis  to  the  trans  creating  a  large  pool  of  endogeneous 
quencher. 

Animal  experiments,  as  suggested,  will  only  be  done  if  suitable 
additional  funding  is  obtained. 
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TABLE  I 


S  dye  molecule*  ground  state 
Sx  dye  molecule,  excited  state 
T  dye  molecule,  triplet  state 


02  oxygen  molecule,  ground  state 

oxygen  molecule,  excited  singlet  state 


Qx  quenching  molecule 
hv  photon  energy 


1 

2 

3 

A 

5 

6 

7 

8 

9 


S  +  hv*  Sx 
S*-*-  S  +  hv 
S*  -*»  T 

I  +  or  \o2 
Q1  +  °2  ^Q102 

q2  +  \°2  -q202 
q3  +  hg02  *«3  +  o2 

S  +  XA  0,  -  SO, 

g  2  2 

sx  +  0,  -•»  SO, 


dye  excitation 
fluorescence 
Intersystem  crossing 
singlet  0^  production 

quenching  of  oxygen 

quenching  of  singlet  oxygen,  oxidation 
quenching  of  singlet  oxygen 
quenching  by  oxidation  of  dye  molecule 
quenching  by  oxidation  of  dye  molecule 


TABLE  II 


Laser  Power  Level  (watts) 


Irradiation  Time^sec^Damage  Spot  Size^nicronS^ 


6.1  xlO 


*  an  extra  spot  was  Inserted  at  2  IT  for  identification  purposes. 


Time  (seconds) 


Average  Diffusion  Distance 


10000 


0.15  V 
0.4  U 
1.5  V 
4.0  v 
15  v 


0,  diffusion  rate  (D)  assumed  to  be  10*1®  cm2/sec,  either  0«  or^A  0« 
l  2  g  l 


Average  diffusion  distance  x  -  /2Dt 
Lifetime  approximately  10  "  seconds. 
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Dyed  Tear  Films  for  Laser  Eye  Protection 


Introduction 


Protection  for  soldiers  in  the  field  from  the  effects  of  laser  radiation 
is  desirable  even  if  the  protection  is  temporary  and  limited.  Since  the  eye 
is  the  most  vulnerable  area  for  visible  or  near  infrared  lasers  and  eye  damage 
can  render  mill tasty  personnel  incapable  of  performing  vitally  necessary 
tasks,  protection  of  the  eye  from  laser  radiation  is  Important. 

Dyed  artlflcal  tear  films  may  provide  a  ten  fold  increase  in  the  damage 
threshold  level  from  532  nm  irradiation,  the  frequency  doubled  YAG 
wavelength.  A  dye  used  in  tear  films  must  be  water  soluble,  non-toxic,  have  a 
high  coefficient  of  absorption  at  532  nm  and  be  highly  transparent  at  all 
other  wavelengths. 

There  are  several  good  compilations  of  available  dyes: 

1.  Sadtler  Research  Laboratories 

3316  Spring  Garden  Street,  Philadelphia,  Pa. 

Commercial  spectra  of  ultraviolet  and  visible  dyes  is 
a  listing  of  almost  600  spectral  dye  absorption  curves. 

2.  Edward  Gurr's  Synthetic  Dyes  in  Biology,  Medicine  and 
Chemistry, 

Academic  Press,  N.Y.,  1971 

The  composition,  solubility  and  spectra  of  almost  all  of  the 
availabe  dyes  used  in  biology  is  tabulated. 

3.  B.  F.  Hochheimer 

Third  Year  Progress  Report,  NIH  Contract  #N01-EY-3-2139 
"Evaluation  of  Indicator  Substances  for  use  iu  he  study  of 
the  Retinal  and  Choroidal  Circulations,"  July  1,  1976 
Over  700  dyes  were  tested  for  solubility,  toxicity  and  spectral 
characteristics  for  use  in  angiography. 

These  three  sources  plus  several  minor  compilations  were  searched  for 

useful  substances.  The  only  suitable  dyes  seem  to  be  the  fluorescein 

derivatives,  Phloxine  B,  Erythrosine  B  and  Eosin  Y. 
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Dye  Characteristic 

These  three  dyes  have  intense  absorption  bands  near  532  nm.  The 
absorption  spectra  are  shown  as  Figs.  1,2,  and  3  for  saline  and  Hypotears 
solutions.  Hypotears  are  lubricating  eye  drops  produced  by  Coopervision 
Pharmaceuticals  Inc.,  San  German,  Puerto  Rico,  USA.  It  is  polymer  solution 
used  to  treat  dry  eye  conditions  and  is  similar  to  several  other  products  used 
for  the  same  purpose. 

One  important  thing  to  notice  in  the  absorption  spectra  is  the  wavelength 
shift  that  occurs  with  a  change  in  solvent.  Our  first  tests  indicated  that 
Phloxine  B  would  be  almost  ideal,  the  spectra  were  run  in  saline  solutions. 
Eosin  Y  would  be  a  much  better  choice  of  Hypotears  solutions  are  used  since 
the  peak  absorption  is  shifted  very  close  to  532  nm. 

The  absorbance  of  these  dyes  in  water  solution  is: 

1)  Phloxine  B  -  1.0 

2)  Erythrosine  B  -  0.8 

3)  Eosin  Y  -  0.8 

These  values  are  almost  the  maximum  obtainable  with  any  dyes.  These  dyes  have 
significant  absorption  from  500  to  550  nm  and  are  almost  transparent  at  other 
wavelengths. 

Caution  Notes 

These  dyes  are  all  fluorescein  derivatives,  they  have  been  widely  used 
for  biological  stains,  a  plaque  stain  for  teeth,  cosmetic  use  and  red  inks. 

All  are  highly  fluorescent  dyes.  All  of  the  fluorone  dyes  have  some  triplet 
state  reactions,  eosin  and  erythrosine  have  the  highest  values.  The  long  tern 
toxicity  of  these  reactions  are  not  completely  understood  in  biological 
systems.  The  short  term  toxicity  is  quite  low. 
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Dyed  Contact  Lenses 

Soft  contact  lenses  can  be  easily  dyed  a  variety  of  colors.  The 
requirements  for  dyes  for  this  purpose  Is  very  different  than  for  tear  film 
solutions.  The  dyes  must  be  insoluble  in  water  but  soluble  in  either  DMSO  or 
Di-methylformide  so  that  they  can  be  diffused  into  the  lenses  and  not  be 
dissolved  with  tears.  Several  dyes  are  presently  used,  these  are  produced  by 
Basf-Dye  Corp.,  100  Cherry  Hill  Road,  Parsippany,  New  Jersey  under  the  trade 
name  Neo-Zapan  dyes. 

The  Neo-Zapan  dyes  have  fairly  broad  absorption  bands  and  may  not  be 
useful* for  our  purposes.  Several  cyanine  dyes  may  have  the  necessary 
properties  that  are  needed.  These  are  NK  1149  and  NK  1518  produced  by  the 
Nippon  Kankoh-Shikiso  Kenkyusho  Corp.,  of  Okayama,  Japan.  Cyanine  dyes  have 
very  strong  absorption  bands  but  can  be  toxic.  The  toxicity  of  these  dyes  is 
relatively  high  when  administered  intraperltoneally  but  this  may  not  interfere 
with  their  use  in  contact  lenses  if  the  water  solubility  is  low  enough. 

It  is  also  feasible  to  dye  plastic  with  rhodamine  dyes  that  have 
absorption  characteristics  similar  to  the  fluo rones.  These  could  be  used  as 
protective  eyeglasses  or  hard  contact  lenses. 

Future  Plans 

The  only  frequency  doubled  YAG  laser  we  have  is  a  Q  switched  General 
Photonics  System.  When  used  in  the  Q  switched  mode  it  radiates  an 
electromagnetic  signal  that  interferes  with  all  of  our  electronic  measurement 
systems.  We  are  constructing  a  new  system  for  retinal  irradiation  with  a 
variety  of  incoherent  and  coherent  light  sources.  This  system  will 
Incorporate  shielding  for  pickup  of  stray  electronic  noise.  When  this  system 
is  finished  we  will  test  drops  for  protection  of  laser  radiation  using 
pigmented  rabbits.  The  degree  of  protection  as  a  function  of  time  after  the 
drops  are  instilled  will  be  determined. 
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Improved  Resolution  Fluorescein  Angiography 

We  have  worked  for  many  years  at  Improving  fluorescein  angiograms  by 

1  2 

optimizing  the  photographic  process  as  It  is  applied  to  this  technique.  ' 

During  this  past  year,  this  optimization  process  was  successfully  used 
to  obtain  high  resolution  retinal  fluorescein  angiograms  using  conventional 
unmodified  fundus  cameras.  The  increase  in  resolution  is  approximately 
2X,  however,  it  is  the  improvement  in  contrast  that  is  most  striking. 

High  contrast,  high  resolution  angiograms  may  be  obtained  using  Kodak  #2415 
Technical  Pan  Film  (estar  A-H  base).  This  film  is  rated  as  having  extremely 
fine  grain  and  extremely  high  resolution,  400  lines/mm.  #2415  film  has  an 
extended  red  and  blue  sensitivity,  the  green  sensitivity  of  this  film  is 
very  low  compared  to  that  of  Tri-X  film.  However,  processing  this  film  in 
Kodak  D-19  developer  for  9  min.  at  68°  will  yield  excellent  angiograms. 

The  film  should  be  agitated  for  the  first  30  sec  and  then  for  5  sec  every 
30  seconds.  The  film  is  then  fixed  in  Kodak  rapid  fix  for  two  minutes. 

The  angiograms  (Figs  1,2)  were  obtained  using  a  Zeiss  fundus  camera 
and  a  Zeiss  260-P  power  supply.  Because  of  the  low  speed  of  Kodak  #2415 
film;  the  power  supply  must  be  set  at  flash  setting  #4,  which  has  a  recycle 
time  of  2  seconds.  Because  of  the  time  lost  between  frames,  some  of  the 
transit  data  is  lost,  but  in  many  circumstances  this  is  not  a  hindrance. 
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